
























































FOCUS ON SUSTAINABILITY / FINITE ELEMENT ANALYSIS

Example of pipe body composite laminate

purpose is to confirm the simulation results. Each
physical test is also strain—-gauged to correlate the
results against the numerical model.

Estimating m—pipe service life using
simulation gives our customers more confidence
in our products. We not only share structural
analysis results, including stress and strain
plots, but we also interface with DNV to gain
classification approval. Simulation helps us to
produce some of the most robust thermoplastic
composite pipe in the oil and gas sector. Using
the least possible material, these pipes can still
cope with the extreme operating conditions
required of oil and gas components. This helps
to keep product costs low so we can compete
successfully with other suppliers.

MAGMA'S CAE PROCESS

Although the concept of a composite pipe
appears relatively simple, in practice the
numerical models are extremely complex. The
laminate can comprise over 50 layers, with each
layer oriented to optimize structural performance
while remaining within manufacturing
parameters. A metallic end fitting is secured

at either end to provide a robust connection to
third-party equipment. The analysis sequence
simulates the service life of the product, which
covers storage, transportation, testing, installation
and operation.

The first step is usually an investigation using
Orcaflex (dynamic analysis software tuned for
subsea systems) to determine the system's
global response. The local forces and moments
are extracted and applied to the pipe body and
end-fitting FEA models. Orcaflex is also used
to simulate transpooling operations of the pipe
around the Magma site as it comes off the
manufacturing reels on to storage reels, or for
lifting operations.

PIPE BODY FINITE ELEMENT ANALYSIS

We have developed our own pipe body “Magma
Ansys Pre and Post Processor” (MAPPS)
interface, which is driven via a Microsoft

Excel interface to create a parametric Ansys
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Parametric Design Language (APDL) script.
MAPPS provides an easy-to-use design tool for
all Magma engineers, even those without in—
depth knowledge of Ansys software.

The following input parameters are required:

« Pipe geometry

« Element density

« Ply configuration: thickness and orientation

« Laminate build-up

« External loading (pressure, axial force, bending
moment, etc.)

From the above data, a 3D FEA model is
created using 20-node layered elements with
quadratic behavior, which are required for
modeling thick composites. MAPPS also allows
the input of individual ply properties and the
retrieval of stress and strain results.

Ply material properties are a key aspect of any
composite model. We have completed extensive
physical testing to derive this information, which
forms the basis of our simulation models. Each
simulation is run on a dedicated analytical server
and takes seconds to complete, which allows
laminate construction to be quickly optimized
using our MAPPS results graphical interface.

The pipe body is designed in accordance with
DNV-ST-F119 and DNV-ST-C501 using the limit
state design method. This approach assesses the
following three failure mechanisms:

1. Fiber dominated ply failure, based on total strain
2. Pipe body failure in response to axial loads
3. Pipe body collapse from elastic buckling

Example of end fitting CAD geometry

As m-pipe composite laminate is composed
of numerous lamina at differing angles and
material characteristics, assessing them
individually ensures we don't exceed various
failure criteria. Ansys Workbench has efficient
post-processing tools to help with this, and they
incorporate the following failure checks: max;
strain, max; stress; Tsa-Wu, Tsai-Hill; Hashin;
LaRC; and Cuntze.

We use the maximum strain failure criteria
to carefully assess the fibers and matrix within
each ply — both along the length of the pipe and
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through the laminate thickness. We also orient
component results into the pipe system axis to
determine axial, hoop and radial values.

END-FITTING FINITE ELEMENT ANALYSIS

The end-fitting assemblies are fabricated from
super duplex stainless steel, which is used
extensively for subsea equipment. It comprises
an arrangement of concentric components that
generate a radially compressive pressure that
sandwiches the pipe body without the need

for bolts or pinned connections, which would
compromise laminate integrity.

The structural analysis is performed using an
FEA assembly model created based on computer-
aided design (CAD) geometry provided by the
design team. Minor features, such as threads, non-
critical holes and small blend radii, are then easily
removed using Ansys SpaceClaim.

To allow the application of external loads, the
end-fitting FEA model includes a section of the
pipe body. This typically extends five times the
pipe’s outside diameter beyond the end-fitting
interface to eliminate any end effects. Sensitivity
studies ensure the element density is adequate
in critical areas, e.g. stress concentrations. We
check the element quality, which is the ratio of
the volume to the edge length, to maintain a
minimum value of 0.2.

The end-fitting is designed in accordance with
Section F100 of DNV-OS-F101, which requires
mechanical connectors be designed against
ASME VIII Division 2. To verify the design of the end
fitting, the following design checks are performed:
« Protection against plastic collapse
« Protection against local failure
« Protection against hydrogen-induced stress
cracking (HISC) in accordance with DNV-RP-F112

To accurately simulate the load path through
the end-fitting assembly, we determine contact
between individual components, including the
effect of friction. Stress—strain curves are defined
for the super duplex material, including the effect
of temperature. This, in combination with the
contact, means the analyses include the effects of
both nonlinear materials and geometry.

To represent each service condition, we apply a
sequential loading combination to the FE model
as a series of nonlinear steps. This can add up to 10
load steps, including thermal expansion, pressure,
axial tension and bending moment.

Because operators are continuously developi
the level of accuracy in the end-fitting FEA modg
the complexity increases, escalating the solution
time. To minimize this, operators optimize both
the Ansys solver parameters and CPU cores.

As part of the detailed ASME integrity checks,

operators extract component stresses and strain
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from the FEA model across all load combinations.
This includes Von-Mises stress, equivalent plastic
strain and the ratio of equivalent plastic strain to the
triaxial strain. To assess protection against hydrogen
induced stress cracking (HISC), operators carry

out two further strain checks that include the use

of the linearization technique within Workbench

to extract an average strain value through the
component wall thickness.

Presenting virtual results helps operators
understand the behavior of m—pipe. Our analysis
provides clear, concise information that all parties
can easily interpret. The outcome is less risk,
along with greater customer involvement and
confidence. /A

WHAT IS IS M-PIPE?

M-pipe is made from two high—quality
raw materials: carbon fiber and polyether
ether ketone (PEEK). PEEK is the highest
performing thermoplastic polymer
available. PEEK has a long history of
application for use in critical components
due to its resistance to heat, common
oilfield chemicals and permeation. The
unidirectional carbon fiber and PEEK
tape are fused by laser, layer by layer,

in a fully automated robotic process to
form a fully bonded structure with a
smooth bore. The resulting m-pipe is

not subject to degradation from oil field
chemicals, such as hydrogen sulphide
and carbon dioxide, which are prevalent
in many oil field developments and
prove challenging to both steel and
flexible pipe. The use of PEEK also gives
m-pipe high temperature capability and
extremely low gas permeation.
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- FOCUS ON SUSTAINABILITY / HYDROGEN OPTIONS
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The Power of
Hydrogen & Simulation:

Lowering Emissions & Accelerating
Toward Net-Zero

Sunil Patil, Industry Lead for Turbomachinery and Propulsion, Ansys

Hydrogen is a significant part of the solution for carbon neutrality.

There are synergies among major industries like aerospace, energy and
automotive to establish a sustainable infrastructure network for hydrogen. It
provides many pathways toward sustainability — from energy storage to cleaner
energy production and propulsion — while complementing other solutions, such
as batteries.

Despite its potential as a “golden” fuel or energy carrier, burning hydrogen
in engines poses several challenges, including flashback, acoustic instabilities,
autoignition and flame holding inside the burner. Engineers can address
these challenges with simulation.

GAS TURBINES: SIMULATION SAVES TIME AND COSTS

Rig testing does provide valuable information to help combat these challenges, but it is
expensive and time consuming, and with 100% hydrogen, it can mean sacrificing the critical
components and instrumentation of the rig. Numerical simulations can provide deeper
characterization of many complex phenomena inside gas turbine combustion chambers.
For example, Ansys Fluent enabled the use of computational fluid dynamics (CFD) to
predict a complex aerothermal field inside an aero-engine combustor.

Accurate prediction of such complex phenomena and emissions inside gas turbine
engines requires high fidelity and validated scale resolving turbulence models,
combustion models, and fast transient numeric schemes. In one instance, a stress-
blended eddy simulation (SBES) turbulence model was used in combination
with Mosaic meshing technology from Ansys to resolve highly unsteady flow
structures. Discrete phase modeling in a Eulerian-Lagrangian framework was used
to model fuel spray while accounting for secondary breakup. Combustion was
modeled with the flamelet-generated manifold (FGM) model, which represents
thermo-chemistry by mixture fraction and reaction progress. This modeling
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strategy (SBES-FGM) has been validated for accurate prediction of flame behavior and emissions for
jet engines, as well as land-based gas turbine combustors.

Modeling techniques with optional extensions have been proven to work for hydrogen-blend or
pure-hydrogen fuels. Such extensions include modified definitions of reaction progress variables,
and, in some cases, accounting for differential diffusion (different mass and thermal diffusivities for
different species). A successful application of such a modeling framework for a hydrogen combustion
is presented in the figure (below) on a Cabra case, which is a representative configuration of flame
holding in a generic gas turbine premixing system.

The hydrogen fuel jet in the Cabra case is surrounded by a coaxial coflow of combustion products
of 2,200 lean premixed hydrogen/air flames. Large eddy simulations (LES) were performed with
the pressure-based solver in
Fluent and the subgrid scales
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Cabra’s case (left), Ansys poly-hexcore mesh in the zone
of interest (right)

AVIATION INDUSTRY CAN USE HYDROGEN TO GET TO NET ZERO
The Paris Climate Agreement and aviation community’s commitment to drastically
lower emissions by 2050 are also driving hydrogen combustion research and
development. One proposed roadmap for net-zero carbon for the aviation industry
shows that only a sustainable fuel, such as hydrogen, provides a realistic path to net
zero by 2050. It's important to note that electrification will continue to help reduce
emissions, especially with short-haul flights, but more than 90% of emissions in the
aviation sector are produced by mid- to long-range flights, according to the Air
Transport Action Group.

Similar observations can be made for other sectors where hydrogen-based
solutions must play a critical role alongside other important technologies —
such as energy efficiency, batteries, and carbon capture — to achieve the net-
zero goal.

“The decrease of the carbon content of power and the electrification of
many economic activities (e.g. transportation or industry), benefiting from
the strong decrease of renewable power costs, are key components of the
roadmap for reaching the 1.5 C target by 2050,” says Claude Heller, former
director of group R&D programs for Air Liquide, now a senior advisor
for the hydrogen economy. “In the so-called hard-to-abate sectors
(e.g. steelmaking or aviation) indirect electrification is possible via
hydrogen produced by water electrolysis with low carbon power (e.g.
renewables or nuclear).”
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- FOCUS ON SUSTAINABILITY / HYDROGEN OPTIONS

THREE KEY CHALLENGES IN HYDROGEN
DEMOCRATIZATION ACROSS INDUSTRIES

1. COST

The cost of green hydrogen production (hydrogen produced using renewable energy) is around $5 per
kilogram, which has made it less competitive compared to carbon-heavy fuels such as natural gas or
kerosene. The high cost is linked to the infrastructure investment and demand, which is now getting a
boost because of regulations and proactive actions being taken by governments around the world.

Investment in green hydrogen now exceeds $1 billion per year. The biggest investment, globally,
has come from the European Union, which accounts for more than half of hydrogen-based project
investments in the early part of this decade. The U.S. Department of Energy (DOE) launched the
Energy Earthshots Initiative in June 2021 for an accelerated energy transition. The first Energy
Earthshot, called Hydrogen Shot, targets lowering the cost of green hydrogen to $1 per kg by the
end of the decade.

2. INFRASTRUCTURE

With a significant investment in a hydrogen ecosystem, technical challenges related to hydrogen
are back in focus. However, significant design challenges at each stage still exist — from its
production to storage and transportation to its end use. One of the major challenges at all stages
is the energy efficiency of the devices involved. Fuel cell efficiency currently ranges between 40%
and 60%, while the average electrolyzer efficiency is 60%. Significant improvements in efficiency
are possible, but time consuming in a traditional build-test-improve design environment.

For example, hydrogen shows great promise in decarbonizing the aviation and power generation
sectors with its end-use in gas turbines because of its high energy density and ability to burn lean.
However, burning hydrogen in engines poses several technical challenges, including flashback,
acoustic instabilities, autoignition and flame holding inside the burner.

Because of its low molecular weight and density, storage of hydrogen in a compact space is also
a big challenge. It needs to be heavily compressed or stored in cryogenic/liquid form. The storage
tank design, whether it's flying in the sky on a plane or riding in the back of fuel cell vehicle on the
ground, requires special consideration for embrittlement, leakage and associated safety risk.

3.SCALE
Finally, there are end-use challenges related to scaling hydrogen. The current system size and
weight of fuel cells are large, especially for aerospace and automotive applications. Their durability
and reliability need to be improved for most transportation applications. Thermal, water, and air
management are also challenges when attempting to keep the size of the heat exchanger and
overall system small.

“Current hydrogen
technologies (e.g. =
electrolysis or fuel cells)
are mature enough to
engage the hydrogen
economy at scale for
decreasing the costs,”
says Claude Heller, former
director of group R&D
programs for Air Liquide,
now a senior advisor for
the hydrogen economy.
“In parallel, there is
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beyond the size effect. Aviation sector’s commitment to net-zero (Source: IATA)
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Ansys simulation technology is used for individual cell
design, cost-effective and lightweight material selection,
cell-stack optimization for energy efficiency, and thermal
management of overall fuel cell and electrolysis system.

For that purpose, a better understanding and better modeling
of electrochemical reactions at molecular scale and processes at
system levels (e.g. cells or stacks) is essential.”

SIMULATION TECHNOLOGY ENABLES HYDROGEN ADOPTION
Ansys technology enables companies to overcome the challenges
associated with hydrogen by improving performance at every phase
of its ecosystem and accelerating new technology development

to address the cost and scale conundrum. For example, ENHIGMA,
a national project that involves different companies, as well as
technological and research centers, used Ansys technology to
manufacture low-cost, energy-efficient and durable proton-
exchange-membrane-based electrolyzers (PEM) and fuel cells.

As shown in the photos (right), Centro Nacional del Hidrégeno (CNH2) researchers optimized the
PEM cell stacks using flow simulations in Ansys Fluent.

Ansys simulation technology is used for individual cell design, cost-effective and lightweight
material selection, cell-stack optimization for energy efficiency and thermal management of overall
fuel cell and electrolysis systems.

Cryogenic storage and transport are at the core of the hydrogen ecosystem. Ansys composites
solutions can be used to design cryogenic vessels while closely mimicking its manufacturing
process. The composite failure tool in Ansys Mechanical enables designers to evaluate potential
failure modes and failure locations in-depth using advanced composite failure criteria, such as
Tsai-Wu, Puck, and LaRC. It can further be used to understand the effect of embrittlement and
crack initiation and propagation.

A typical hydrogen production system or hydrogen-based fuel cell plant contains many
components. Most of these can be represented by a simplified model, but most critical
parts — such as a fuel cell or PEM-cell stacks — can be represented by a ROM derived
from Ansys 3D physics solvers. ROM creation for this digital twin is enabled by Ansys
optiSLang, which automates the simulation
toolchain and connects to algorithms for robust
design optimization (RDO). With connection to
live sensor data, this digital twin can monitor and
optimize operations while enabling predictive
maintenance.

By empowering engineers to explore more
hydrogen design options faster and more
affordably, simulation will help meet the top
challenges related to increased hydrogen
adoption. Being able to design and test
hydrogen-related technologies in a virtual
environment speeds time to market, which is
critical as governments and industries rush to
meet the 2050 net-zero carbon goals. A

A proton exchange membrane
(PEM) water electrolysis stack for
hydrogen production (left) with
optimized cell design through
Ansys simulation (right)

Hydrogen flame (mixture fraction)
details captured by large eddy
simulations
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- FOCUS ON AEROSPACE & DEFENSE / AERODYNAMICS

from Land to Air
and Back Again

ollaboration among engineers often leads to innovation, but engineers at
Toyota Motor Corp. have extended their knowledge of automotive aerodynamics
by working with an air racing team. The unusual collaboration employed
simulation to improve both airplane and automobile aerodynamics.

Yusuke Nakae, in charge of R&D of CAE technology at Toyota Motor Corp., has been
working with Toyota’s JISOL Corp. on fluid analysis using Ansys LS-DYNA to measure
aerodynamic forces generated when a vehicle is in motion and how it affects vehicle
stability. By using automotive simulation results to improve the air racing plane, and
then learning from those results to improve Lexus vehicles, Nakae's team has found
analyses that wouldn't have been possible using conventional methods.

FROM CONVENTIONAL

TO EXPERIMENTAL AERODYNAMICS

The conventional method of testing vehicle
aerodynamics involves applying wind to a car
when it's stationary and then measuring what
changes via experiments and calculations.
Wondering how the air forces would be
different when the car was moving vs. when
it was stationary inspired Nakae's team to try
to analyze a moving vehicle. Specifically, they
wanted to simulate the aerodynamics of a car
as it changed lanes using LS-DYNA.

The results obtained from normal analysis
(where wind is applied when the car is stopped) were clearly different
from the results when the car was driven. However, measuring the
force of air when driving the car was still a challenge — even in a wind

Aerodynamic simulations of wings
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“Analysis technology enables us to realize methods and
performance that overturn conventional wisdom.”?

— Yusuke Nakae, Toyota Motor Corp.
A

tunnel. Nakae's team wanted to use simulations to quantitatively analyze the difference in aerodynamic
forces. Because Toyota uses LS-DYNA as a standard tool for crash safety performance analysis, the team
thought it could create an ideal environment for analyzing multiple physical properties with a single
solver if they could add a fluid analysis function to it.

Lexus was sponsoring Yoshihide Muroya, who competes in the Red Bull Air Race World Championships.
In 2017, Nakae's team first tested their theory on airplane aerodynamics leading up to the race.

AIRPLANE AERODYNAMIC RESULTS BENEFIT CAR DESIGN

In the airplane world, aerodynamic analysis is usually done in a stationary state, so getting the air racing
team to agree to applying the knowledge and expertise used in automotive simulations to airplane
racing design was a challenge.

Part of the problem was the difference in air speed.

Airplanes are fast — propeller planes travel at 350 km per hour — while cars are slow, traveling at
100 km per hour. Moreover, airplanes are streamlined, but cars are not, so flows around their bodies are
completely different. This means researchers couldn't accurately calculate aerodynamic force unless
they could reproduce their flow, especially in turbulent conditions.

Luckily, an abundance of experimental data on airplane wings already exists, so Nakae's team could
choose the right turbulence model for the airplane analysis.

Using different motions that would result in different aerodynamic forces, the team conducted
simulations. High-performance computing was used to go through the complex calculations, compile the
data, visualize it, and share it with the air racing team.

During air races, the team would test techniques,
analyze the data they recorded and then test the
updated techniques iteratively. A competitor even
noticed that Muroya was flying in a bigger circle, yet
their total time decreased.

AIR RACING RESULTS
INSPIRE NEW LEXUS VEHICLE
Toyota/Lexus learned a lot from this experience.

“l learned how to control vortices, which
should not be generated from the perspective of
aerodynamic drag,” Nakae said. “| gained experience
on how to control vortices by experimenting with different shapes of winglets and
analyzing the simulation to find the one with the least aerodynamic drag.”

Turning to automobiles, the team knew that creating effective vortices around a car
could improve its dynamic performance. And performance turned out to be as good
as they hypothesized, leading to the release of the Lexus LC 500 Inspiration Series
in January. This limited edition takes the 471-horsepower V8 grand-touring coupe
to the next level. A big upgrade inspired by air racing is a carbon-fiber reinforced
plastic rear spoiler modeled after an inverted aircraft wing with vortices at the
wingtips that improve maneuverability and efficiency.

LOOKING TO THE FUTURE
While the Red Bull Air Race World Championships was deactivated in 2019,
Nakae's team will work to continue aerodynamic simulation research.

Looking at future automotive design, Toyota/Lexus will continue to use
what they are learning by comparing the two different transportation
methods and analyzing them to create new products.

As Nakae says, “Analysis technology enables us to realize methods
and performance that overturn conventional wisdom.” '\
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FOCUS ON AEROSPACE & DEFENSE / MULTIPHYSICS

We Choose to Go Back to the
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NASA's plans to return humansg to the Moon after an almost 50-year ' :
absence has challenged engineers to develop a~spacecraft based on much
1 . more advanced technologles than those available in the 1960s. Before they
send humans, they intend to'send a series of commercial robotic missions.
20 Intuitive Macblnes is one of two commermal corhpames thathaswon .
the right to deliver NASA payloads to the lunar surface. They are using
multlphy5|c:s S|murat|on to understand the propertles and operating .
condltlons of new fuels,'composite materials, and coollng -
systems that will enable them tolandan ° .
unmanned veHicle on the moon with,
little time for desi%n and testing. .
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Vice President of Research and Development
of Intuitive Machines Tim Crain, second from
right, speaks with Thomas Zurbuchen, NASA
Associate Administrator for the Science

Mission Directorate, second from left,
about the company’s lunar lander on
May 31, 2019, at Goddard Space Flight
Center in Maryland. Intuitive Machines
was one of three companies selected
to provide the first lunar landers for
the Artemis program’s lunar surface
exploration.

Image credit:

NASA/Aubrey Gemignani

% ooy G e 7 .
When uU.s. PreS|dent John F. Kennedy announced on Septiilz; 1962; that “We choose to go to the '
* moon,” ke set the goal as the end of the decade. This gave NASA engineers a littlé over seven years
.to overcome the many challenges involved in putting men on the moon and returning them safely
to Earth. The'successful Apollo 11 mission in July 1969 fulfilled Kennedys vision and stands as a y
testament to humah |ngenu|ty*nd valor. < £
. When Intuitive Machines of Houston, Texas, won the contract in 2019'to land five NASA payloads .
. "» safely on the moon in 2021, they had a much shorter timeline of just two years. (These missions have
now been.delayed due to the COVID-19 pandemic.) Considering that lunar landings have until now
"been the “purview of syperpowers,” as Steve Altemus, one of the folinders of Intuitive Machines likes
=", o point out, arid that no company has ever landed on,the moon,.this is quite a big challenge, With -
.such a tight timeling, they will not have the luxury of building and test|ng multiple prototypes to
incrementally work out the bugs. The first flight vehicle that Intuitive Machines builds will be the one -
. that goes o the moon, greatly limiting their sesting time. ¥
3 The prototypmg constraints make englneerlng dimulation a keyto =
s achieving the goal As part of the Ansys Startup Program, which
T . gives fledgllng companies access to.Ansys 5|mulat|on . .
software at a fraction of the list price, Intditive
Machines en$jineers are'using Ansys Fluentto . O
* solve liquid oxygen/methame heat transfer
' challenges in the mafn engine. This
is the first time anyone has‘used
methang as a fuel for in-space .
propulsion. They are also |
using Ansys Mechanjcal
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FOCUS ON AEROSPACE & DEFENSE / MULITPHYSICS

to perform load analysis on
all metallic components,

as well as to reduce mass

as much as possible while
maintaining structural
integrity under the high
stress conditions of
spaceflight. The engineers
are performing multiphysics
thermal and structural
simulations, along with
advanced materials

el simulations, to figure out

b ‘&' PR how to keep electronics and
ON 1 = ooP b
cryogenics systems within
temperature specifications
in the wide temperature
ranges the spacecraft will experience while in transit and when sitting on the moon'’s surface. And
they have recently acquired Ansys HFSS to optimize low- and high-gain antennas that will be used for
communicating with the lunar lander.

o . ™
A-C | MISSI

Intuitive Machines’ Nova-C will land near the Moon’s equator.

MOON LANDING MISSION DETAILS

To meet NASA's goal of landing payloads on the moon two to three times a year for 10 years following
the first 2022 mission, Intuitive Machines engineers are designing the NOVA-C lunar lander using
mostly composites to keep the weight down, with a liquid oxygen/methane engine, precision landing
and hazard avoidance systems, and the capacity to transport 100-kg payloads from Earth to the moon
for a soft landing on the surface. For the first mission, called IM-1, the NOVA-C will be boosted into
orbit by a SpaceX Falcon 9 rocket and land a little north of the moon’s equator six days later. For most
of the flight, NOVA-C will be controlled remotely from Houston, but the final descent and landing

will be completely autonomous. When given the “Go” command, NOVA-C will fire its own rockets,
automatically determine the best landing site to ensure it doesn’t land on a rock or a crater, and touch
down within a 200-meter ellipse of the target landing site. The first landing will occur during daytime,
so only visual cameras will be necessary for navigation and landing; the company will add lidar
sensors for potential future nighttime landings. During 14 days on the moon, the payloads will carry
out various experiments before NOVA-C enters the lunar night where the temperatures drop to levels
so low that the vehicle electronics and batteries are unlikely to survive.

The second mission, called IM-2, will have as part of its payload Intuitive Machines’ UNOVA (micro-
NOVA) “hopper,” which is a flying rover developed as an alternative to the dune buggy-type rovers
that have been used on the moon and Mars. The uNOVA vehicle can fly to extreme environments,
such as the bottoms of lunar craters, that are a challenge for a wheeled vehicle to navigate. The main
purpose of the IM-2 will be to use NASA's PRIME-1 payload to drill into the surface of the cold South
Pole to look for subsurface ice that scientists believe might be present. While that is going on, the
UNOVA will be flying from one crater to another, a few 10s of yards at a hop, examining “permanently
shadowed regions,” which have never seen sunshine, taking data and sending it back to the NOVA-C
for transmission to Earth.

COOLING ELECTRONICS IN A VACUUM

All electronics have a specified temperature range for optimal operation. For this project, the vacuum
of outer space and the moon (which has no atmosphere) poses one type of challenge. Another will be
adapting to the dramatic temperature variations the NOVA-C will experience between the in-transit
and lunar surface phases of the mission. In transit, the lander will be extremely cold, so heaters keep
electronic elements warm. Activating heaters is simple enough, but when sitting in the sunlight on
the moon's surface, NOVA-C will get hot, and Intuitive Machines engineers must develop a way to
keep the electronics from burning up.

With no atmosphere on the moon, heat cannot be dissipated by convection, and an active cooling
mechanism like a fan would be useless because there is no air to move for cooling purposes. The
main cooling mechanism is radiation, a passive mechanism that works even in a vacuum. Materials
are key to passive radiation cooling. Intuitive Machines’ engineers are using Ansys Mechanical
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to develop a system that has low mass, high conductivity and high emissivity — a measure of

a material’s effectiveness in emitting energy as thermal radiation — to exchange heat with the
vacuum of space. They are investigating advanced materials for high thermal conductivity to use in
thermal heat spreaders and thermal radiators to keep electronics cool. They are also simulating the
effects of emissivity on different multilayer insulation architectures that are common on spacecraft.
Using simulation to study the heat transport properties of laminated layers of composites, they are
attempting to optimize the cooling properties of, for example, a composite radiator plate to keep the
electronics within the specified temperature limits.

One area of concern is the avionics package, which controls the flight parameters for the mission
and contains many integrated circuit chips, some of which generate significant amounts of heat. The
engineers may have to dissipate anywhere from a few tenths of a watt to one or two watts of power
from a chip to keep the temperature within specifications. But they can't put a thermal sensor on
every chip. Instead, they use Ansys thermal simulations to map the temperature of the aluminum box
that contains the printed circuit board on which the chips are mounted. By using the temperature
data from specific points on the surface of the aluminum casing, they can perform thermal
simulations to determine the temperature of the chip itself. With this information, they can add heat
spreaders to transfer excess thermal energy to the chassis of the NOVA-C to either radiate the heat out
into space or conduct it back into the lander for re-use.

Prior to adopting Ansys software as their standard, Intuitive Machines' engineers worked with
separate thermal and mechanical simulation solutions from different vendors. They had to spend a
lot of time mapping the temperatures from the thermal analyses onto the structural model because
the grid layouts were not the same in the two software packages. With Ansys thermal and structural
solvers working together with the same geometry, the mapping is easy and automatic, saving them
time and money.

REDUCING THE MASS OF THE NOVA-C

Keeping the mass of the lander as low as possible is key to this mission. Less mass in the lander
means more room for customer payloads. Every extra kilogram built in to the lander costs Intuitive
Machines a significant amount of money in lost business opportunities, so the engineers are planning
to use topology optimization to reduce mass. Instead of looking first at the overall architecture of the
NOVA-C, they will initially concentrate on internal details like inserts, fittings and joints that hold the
lander together. Because these parts are used many times in the construction of the lander, saving

a little mass on each piece quickly adds up. If the engineers can use topology optimization in Ansys
Mechanical to save 100 grams on a particular fastener that is used at 20 places in the structures, that's
a savings of 2 kilograms. While 2 kilograms may not sound like much, at an estimated payload price of
~$1to $2 million per kilogram a few kilograms can add up quickly.

KEEPING SEALS SEALED

The NOVA-C consists mostly of composites to keep the weight down. The engineers include metals
for the engine and various connecting points where they make more sense than composites. The
interface between metals and composites is a point where the differing thermal expansion properties
of the materials make it difficult to keep them in contact under extreme temperatures, particularly at
the exit nozzle of the main engine.

To address that challenge, the engineers are taking a thermostructural multiphysics approach to
design the exit nozzle connection. They are using Ansys Fluent to estimate temperatures, gas flow,
heat conduction and heat load at the metal-composite seal and Ansys Mechanical to determine
the effects of these temperatures on the expansion of the metal and the carbon-carbon composite.
Multiphysics simulation is helping them to understand the dynamics of this section of the spacecraft
and produce a design that will ensure that the nozzle stays sealed under all operating conditions.

THE LARGE ROLE OF SIMULATION
Intuitive Machines engineers consider simulation to be essential to the success of this project due to
its many challenges and tight deadline.

For critical structural, thermal and fluid flow simulations, they trust Ansys simulation solutions
to get them to the moon in less than two years. Success will make Intuitive Machines the first
small, privately funded company ever to land on the moon. If anyone is racing to beat them to this
distinction, they'd better hurry. '\
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By Ansys Advantage Staff

ould something as small and lightweight as a
softball enable extended lunar missions and
make the moon a launch pad for
interplanetary travel?

A multidisciplinary team of undergrads and Results of the launcher
graduate students from the Arizona State University (ASU) shock and vibration
Luminosity Lab hopes the configurable, multi-probe simulation

exploratory system they call VELOS may provide
a giant leap in that direction.

VELOS, which is short for Variable Exploratory Lunar
Observation System, is a finalist in NASA's Breakthrough,
Innovative, and Game-changing (BIG) Idea Challenge.
The annual competition gives grants to university teams
to develop new approaches and technologies supporting
the space agency's Artemis program, whose mission is Results of the launcher
to return humans to the moon. static structural simulation
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The ASU team used Ansys Explicit,
part of the Ansys Mechanical
suite, to validate VELOS’

o Results of the
moon-readiness ... Ansys

probe thermal
Workbench'’s transient simulation
thermal analysis
J— . . . For the 2020
capabilities provided insight challenge,
o t h I th b students
into how long the probes developed

technology systems to
explore one of the coldest
and darkest places in our solar
system: the largely uncharted
permanently shadowed regions
(PSRs) of the moon. Little is known
about the area in and around
the PSRs, making data collection
important.
VELOS, one of eight finalists in the
challenge, provides a means for data
collection in a combination launcher/
probe system. Its catapult-like launcher
VELOS system launching into a permanently assembly is capable of lofting four softball-
shadowed region in VR environment sized, sensor-filled probes
100 meters (109 yards,
roughly the length of a football field) on a preset trajectory into and
around the PSRs. VELOS integrates with any Commercial Landing
Payload Services (CLPS) lander, the payload delivery service to the
moon.

VELOS' probes can accommodate any sensor that fits, meaning
the system could eventually be used for any number of science missions.
However, for project purposes, the ASU team focused on a specific goal:
understanding which elements are present in the regolith, the unconsolidated
rocky material inside the PSRs. That includes detecting ice that could provide a water source for
sustained lunar operations and even human habitation.

The ASU team used Ansys Explicit, part of the Ansys Mechanical suite, to validate VELOS’
moon-readiness, including structural load testing, vibrations testing, and drop testing. Ansys
Workbench's transient thermal analysis capabilities provided insight into how long the probes
could reliably perform in the PSRs' ultra-cold
environment.

could reliably perform.

Probe subsystem

THE FUTURE ON ICE

PSRs are located in craters at the moon's north and
south polar regions, areas never exposed to direct
sunlight. Temperatures there can be as low as 35
Kelvin (-394 degrees F). That is colder than Pluto,
which averages a slightly less frigid 45 Kelvin (-378
degrees F). Both make the lowest temperature ever
recorded on Earth — 184 Kelvin or -128 degrees F —
seem like a sauna.

As forbidding as PSRs are, though, it appears they
have one attribute essential to future deep-space
missions: ice.

And where there’s ice, there's typically water. Launcher subsystem

e

L—tirm
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, , ASU had less than a year
Water stored as ice on the otherwise bone-dry .
moon could be revolutionary for science, space to deSIgn, conduct prOOf'
exploration and mankind itself. A source of o
of-concept testing and

water on the moon could sustain human life

and supply hydrogen and oxygen, the building Validate VELOS. Meeting
blocks of rocket fuel. That could provide a . .
ready energy reserve for spacecraft going the timeline would have

back and forth between the moon and Earth,
as well as for those journeying to Mars.

been impossible without

The challenge, of course, is creating rapid design iteration. And
PSR exploration technology that can .
withstand harsh lunar conditions, not to that was possible only

mention the rigors of deep space travel.

That's a tough assighment under by rely'ng heaVlIy on fGSt’
the best of circumstances. For ASU, accessible simulation.

doing the work on a compressed
schedule — and during a global
pandemic that shuttered many test
facilities — made simulation even more important than normal.
From the time they received the challenge grant in February 2020, ASU had less than a year
to design, conduct proof-of-concept testing and validate VELOS, plus prepare a presentation for
NASA. Meeting the timeline would have been impossible without rapid design iteration. And that
was possible only by relying heavily on fast, accessible simulation.

SIMULATING SHOCK, IMPACT AND BRUTAL COLD

The primary function of the VELOS probe is to collect data and transmit it to the launcher. But
none of that is possible if its probes can't survive the shock of being launched, the impact of
landing or the area’s extreme thermal environment.

With help from Ansys channel partner PADT — and the support of advisors that include
ASU’s Jim Bell, the primary investigator on the Mars rover science camera — the team simulated
turret structural integrity, probe drop testing and thermal response to PSR conditions in Ansys
Explicit.

VELOS uses preloaded springs mounted to a rotating turret to launch the probes in an array
that maximizes data collection potential. Once the CLPS lander’s camera identifies a PSR,
the turret swivels toward it then launches the four probes sequentially. The team performed
structural and vibration analysis of the turret to help them understand the load placed on it
during probe launching. This enabled a design that could withstand those forces while also
ensuring launching wouldn’t disturb the lander’s sensitive equipment.

When it came to designing the probe’s exterior, protecting the important electronics inside it
was key. The probe’s outer shell, which is made of HDPE and covered in an insulated blanket, and
the internal energy absorption material — an aerospace-grade carbon foam — were designed
to plastically deform during impact yet still protect the sensor electronics. To test the efficacy of
their design, ASU chose a drop test velocity that represented a worst-case scenario: the probe
impacting the regolith at 12.72 m/s without any
angle of incidence.

The first simulation compared dropping
the probe from a height of 1.67 meters (5.4
feet) onto a concrete surface and a sand-based
surface. The resulting accelerations were used
to run a structural analysis of how the probe
shell would behave if it was launched onto a
solid surface. The simulation indicated that
the probe shell's performance was consistent
with the design intent. It yielded and sustained
damaged at the point of maximum stress while
providing rigid protection for the electronics
VELOS system and lunar lander in VR environment inside it.
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Lunar lander in VR environment

Determining the lifespan of the probe’s electronics at 35 Kelvin could have been done in a
facility — if one had been readily available and not cost-prohibitive.

Instead, the ASU team performed partial vacuum testing using liquid nitrogen for cooling
then validated the physical model, which assumed an initial probe temperature of 36 C (96.8 F)
and an ambient temperature of -237.85 C (-396.13 F), in a transient thermal simulation using Ansys
Explicit. The team determined that the probe’s electronics should be able to operate continuously
for five hours before temperature control is lost and the probe stops functioning.

A NOVEL, SCALABLE APPROACH

VELOS physical prototypes proved that it is more than just

a wishful concept. During testing, the launcher successfully
actuated, sending the probe more than 16.5 meters (54 feet)
in Earth gravity, which is the same as the desired 100 meters
in lunar gravity. Two probes launched at different distances
and headings maintained operation.

What's next for VELOS is not certain, although it's not
unreasonable to think the concept could be picked up by a
commercial space provider.

In the meantime, the ASU Luminosity Lab team, a group
accustomed to creating novel solutions to address some of
the world's most pressing challenges, has developed an innovative, low-cost, reliable and scalable
approach for exploring an unknown environment — something they

would have been unable to do without Ansys simulation.

And who knows? Someday, their system might help scientists find water in the deep, dark
crevices of the moon, allowing astronauts who travel there to become long-term visitors. /A

Probe impact simulation results

Ansys Advantage

35



I FOCUS ON AEROSPACE & DEFENSE / UCTURAL AND FLUID SIMULATIONS

he International Space Station (ISS), after 20 years of use by hundreds of
astronauts, is only guaranteed funding to keep it running through 2024.
Just as NASA opened the way for commercial entrepreneurs like SpaceX
and Blue Origin to make the next generation of rocket boosters to lift

people and payloads into orbit, it is now looking for entrepreneurs to take over

the space station and build its replacement.

Axiom Space was founded in 2016 by ﬁv 2 ' o

Michael Suffredini, ISS program manager : s - /\\""n'

for NASA from 2005 to 2015, and Dr. Kam .

Ghaffarian, founder of Stinger Ghaffarian

Technologies Inc., NASA's second-largest

engineering services contractor. In early 2020,

Axiom Space won the NASA contract to build

the first commercial space station, initially

attached to the forward Node of the ISS. There

is a countdown on their website to the launch

of Axiom Hub One, a space module that will A rendering of an Axiom space station

travel to the ISS in roughly three years. interior
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éAs a startup, you
are always looking for
deals because funding is
limited in the early years.
The Ansys Startup Program
has proven to be a great

deal for us.”?
— Matt Ondler,
CTO, Axiom

Ansys will be
helping them
all along this
timeline. Axiom
engineers are trying
to solve the toughest
structural and fluid flow challenges they face using Ansys Mechanical and Ansys
Fluent software obtained through the Ansys Startup Program.
“As a startup, you are always looking for deals because funding is limited in the early
years,"” says Matt Ondler, chief technology officer of Axiom. “The Ansys Startup Program
has proven to be a great deal for us.”

Ansys stress analysis
results are driving
the design of the first
Axiom module (AxH1).

DESIGNING AND SIMULATING A UNIQUE THRUSTER

Axiom engineers are relying on an innovative thruster powered by oxygen and methane
to propel Axiom Hub One to the ISS. They will get a boost into space from a SpaceX or Blue
Origin launcher, then, once in orbit, they will depend on this new thruster to maneuver them

to the ISS.
The oxygen-methane thruster solves two challenges: It replaces the toxic monomethyl
hydrazine fuel that has traditionally been used to maneuver shuttle craft to date, and the
methane fuel can be created throughout the mission from an unexpected source.
“We can make rocket fuel out of exhaled breath from the crew,” Ondler says. Doing this relies on
the Sabatier process, which uses a nickel catalyst to react hydrogen with carbon dioxide from the
astronaut’s breath to produce methane and water. It has already been tested and proven to work in
ISS experiments.

© 2021 ANSYS, INC. Ansys Advantage
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'Mechamcal and Fﬁlent has

“been very, very pos: ve. R
The interface has beeh easy
to learn and easy to use.

- The Ansys Startup' i
‘Program has

*_given us access to -
much-needed 5
simulation tools.

“Studies show that with a crew of about six we
can produce enough methane to meet all of our
propellant needs,” Ondler says. “The technology has long-term applications. There's a
lot of CO, on Mars, so you could create the rocket fuel to bring you home from a Mars
mission instead of carrying all that fuel with you.”

But nobody has ever flown an oxygen-methane—-powered spacecraft before, so
they are using Ansys Fluent to help in the design. One of the challenges of the
thruster is maximizing the efficiency, which is measured by a variable called the
“specific impulse.” This is just the total impulse (the average thrust force times the
total firing duration) divided by the weight of the propellant used. The higher the
specific impulse, the less fuel is consumed for a particular change of velocity.
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One step in maximizing the specific impulse is to mix the methane
and oxygen molecules as thoroughly as possible. An injector plate that
causes the molecules to swirl and mix is an art and a science, according
to Ondler. “So we run Ansys Fluent and get simulation results and we
build that solution and test it to see how it works and then iterate between
simulation and testing,” he says.
“Maximizing the specific impulse of
the thrusters trickles through the whole
system — the more efficient the specific
impulse, the smaller you can make the fuel
tanks; the smaller you can make the tanks,
the more margin you have on the vehicle
itself, and it just propagates through the
whole spacecraft.”

SPACE STATION
STRUCTURAL CONSIDERATIONS
An Axiom Hub, which will attach to the ISS and to any future commercial space station
they build, is a living and research space for the astronauts who will occupy it. It is 60 feet
long by 15 feet in diameter and weighs close to 60,000 pounds.
“These modules are massive pieces of hardware, and when you have pressure inside and
vacuum outside they stretch and swell and bend,” Ondler says. “We're using Ansys Mechanical
to help us understand all those attributes: how it bends, where the stress points are, where we
might need to change the design.”
Structural loads will vary depending on whether the module is on the ground, being
transported to the launch site, or experiencing the high forces of launch. Thermal loads can also
cause major structural challenges in space because the side of the module facing the sun might
be several hundred degrees hotter than the side facing away from it. Thermal expansion and
contraction in cases like this could be enough to cause separation of the structure or buckling if the
module is not designed correctly. Ansys Mechanical will help to make sure this doesn’t happen.
“Our experience with Ansys Mechanical and Fluent has been very, very positive,” Ondler says. “The
interface has been easy to learn and easy to use. The Ansys Startup Program has given us access to
much-needed simulation tools.”

PRIVATE SPACE STATIONS ARE CRITICAL

Designing, manufacturing and flying the hubs to the ISS is the immediate goal. Ultimately, Axiom
Space will separate from the ISS and become its own independent space station — the first fully
commercial space station. After separation, Axiom will continue to add modules, some of which
might be custom-built for specific space manufacturing or research customers. While some might
guestion the need for another space station or even multiple stations with different functions, Ondler
is sure we need space stations in both the near and distant future.

“The immediate use of our space station hubs will be to experiment with and manufacture
products in microgravity that cannot be manufactured on the ground,” he says. He cites some
interesting, practical solutions that have been explored on the ISS:

* A fiber-optics cable that has 100 to 1,000 times the transmission length capability of current fiber
optics.

* Perfect retinal and corneal implants that can be bio-printed in microgravity but would deform if
made on Earth due to gravitational forces.

* Metal alloys whose components would settle out like oil and vinegar on Earth but that stay
together in microgravity and create completely different metal characteristics and capabilities.

* Perfect protein crystals for faster and more efficient drug evaluations.

“And then there's a bigger, more existential need for space stations in the long run —
pushing humanity beyond the Earth, “Ondler concludes. “It may be 100 or 1,000 years in the
future, but to survive as a species we will have to populate multiple planets.”

New space stations will be the steppingstones to these planets. Ansys simulation
solutions will be there to help engineers solve their toughest challenges. /A

© 2021 ANSYS, INC. Ansys Advantage
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The First Flight
Attempt on Mars

By Ansys Advantage Staff
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How could NASA be sure they had a helicopter that is
going to make the trek to Mars and have a chance of
flying? For one thing, they used Ansys Fluent to calculate
the aerodynamic forces on the rotor blade.

Tracer particles are colored by velocity

It is difficult to anticipate the potential
challenges of flying on Mars. Simulation
and wind tunnels are critical to flight tests
because they can replicate what an aircraft
will experience. Accurate recreation of
another planet’s gravity and atmosphere on
Earth is nearly impossible, so the keys to the
successful flights were simulations that are
truly out of this world.

THE CHALLENGES OF FLYING ON MARS
The main challenge to Mars flight is the thin
atmosphere. The world altitude record for
helicopter flight on Earth is held by Frenchman
Frédéric North at 42,500 feet. The air at that
stratospheric level is so thin that North's
helicopter rotors could not lift him higher. On
the surface of Mars, the atmospheric density
is equivalent to Earth at 100,000 feet. The
Ingenuity helicopter relied on a light design,
large coaxial rotors, and the lower Martian
gravity to fly in such extreme conditions.

The Martian flight environment is vastly
different from Earth's:
« Density is 1% of Earth's
* 95% carbon dioxide
« Gravity is a third of Earth’s
« Average temperature of -60 C (-76 F),

with nights as cold as -90 C (-130 F)

at Jezero Crater

© 2021 ANSYS, INC.

Maximum velocity is red in color

Once Ingenuity leaves the ground,
maintaining directional control in such a
thin atmosphere is the big concern. To avoid
crashing, continuous corrections are required
to rotor pitch, roll, and angle of attack on a
millisecond-by-millisecond basis. Simulation
of the advanced flight control systems is the
key to safe flights on Mars, but this requires
accurate aerodynamic data.

Before the mission, flight on Mars
was theoretically possible, but engineers
wondered if there would be enough control to
let it succeed.

MAKING MARTIAN FLIGHT

POSSIBLE WITH ANSYS FLUENT

How could NASA be sure they had a helicopter
that was going to make the trek to Mars and
have a chance of flying? For one thing, they
used Ansys Fluent.

According to a research paper, Fluent was
used to calculate the aerodynamic forces on
the rotor blade. To predict these forces, the
rotor blade was divided into many slices that
included span, chord, twist, and sweep.

Coefficients of lift, drag, and pitch moment
as a function of angle of attack and Mach
number were then calculated. These values
were tabulated and used for helicopter flight
dynamics modeling at NASA.
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An Ansys simulation showing zones of high
pressure under the Ingenuity helicopter’s
rotors.

The simulations on the previous page show
massless tracer particles that highlight the
impact of the rotors as they slice through the
atmosphere. The tracer particles are colored by
velocity. We should see maximum velocity (red
color) at the rotor and near the tips. We should
see lower velocity as the particles make a spiral
path to the ground plane. As the rotors pass by
one another, we should not see the particles
from the lower rotor being pulled up or
disturbed by the upper rotor. We want to keep
the interaction between the counter-rotating
air currents pulled by the rotors to a minimum
to ensure maximum lift for the helicopter.

WHY NOT A QUADCOPTER?
Ingenuity’s rotors are arranged co-axially,
which is not the popular quadcopter layout
of many Earth-bound drones. Why is this?
Coaxial rotors on Ingenuity increase efficiency.
The image above depicts zones of high
pressure under the rotors. Pressure zones
under the lower rotor are larger because
the upper rotor has already compressed the
thin Martian atmosphere. This phenomenon
allows the lower rotor to provide more lift. A
quadcopter, with its four independent rotors,
does not have this advantage. Additionally,
a quadcopter would be slightly heavier for
the amount of thrust produced. Extra rotor
supports and multiple motors add weight.
Finally, a quadcopter would have difficulty
being stowed and then unfolded from the
belly of the Perseverance rover.
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Ing,enuity began as what is known as
technology demonstration — a project that
seeks to test a new capability for the first time,
with limited scope, according to NASA. It is
the result of more than six years of work by
engineers on the Ingenuity team.

Even if the copter would not have made
such a successful series of flights, the
team would have already demonstrated
that it was theoretically possible to
build an ultra-lightweight craft that
could generate enough lift in Mars' thin
atmosphere to take off from the ground
and operate and survive autonomously in
the challenging Martian environment. As
NASA said before Ingenuity deployed: These
accomplishments have already pushed the
boundaries of flight.

“When NASA's Sojourner rover landed
on Mars in 1997, it proved that roving the
Red Planet was possible and completely
redefined our approach to how we explore
Mars. Similarly, we want to learn about the
potential Ingenuity has for the future of
science research,” said Lori Glaze, director
of the Planetary Science Division at NASA
Headquarters via a press release before
the first flight. “Aptly named, Ingenuity is a
technology demonstration that aims to be the
first powered flight on another world and, if
successful, could further expand our horizons
and broaden the scope of what is possible
with Mars exploration.”

After demonstrating that the technology
works, Ingenuity took on a new mission. The
Ingenuity experiment has entered into a new
operations demonstration phase, exploring
how aerial scouting and other functions
could benefit future exploration of Mars and
other worlds.

In fact, 16 flights later (as of press time),
Ingenuity is still going strong. It has flown
almost 3 kilometers and is now engaging with
Perseverance on their joint objective to explore
the Jezero Crater. Air on Earth can be 30 times
denser than Martian Standard Temperature
and Pressure. That makes piloting Ingenuity
not just a first for aerodynamics, but a game-
changer for offworld exploration.
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BEYOND RECORDS
Ingenuity is now going into one of its most
challenging flights to date.

The crossing of the Séitah region of Mars’
Jezero Crater will take at least two flights, with
a stop halfway across. This stop is necessary
to reduce flight time, because of higher rotor
RPMs, which means Ingenuity would need to
fly faster to cover the same distance. Flying
faster increases the navigation uncertainty
built up during a flight, which means larger
landing ellipses are required. By flying slower,
Ingenuity can better target a landing site in
South Séitah. Also, the terrain on the eastern
side of South Séitah is more hazardous than
the western side.

With two flights, Ingenuity can better
target safe landing sites on the eastern side of
Séitah, without excessive risk on landing.

During this flight, which is known as Flight
17, Ingenuity is expected to fly 187 meters at
an altitude of 10 meters and be airborne for 117
seconds.

SIMULATION AND SCIENCE

REDEFINE EXPLORATION

To date, Ingenuity has achieved astonishing
success, and it hasn't abandoned
Perseverance; it's been the perfect scout to
lead the journey.

Together, they continue to explore Mars in
an unprecedented way that could reveal if life
ever existed on the red planet.

This is an exciting time to watch as
simulation and science redefine planetary
exploration. /A

Source:

1. “Flight Dynamics of a Mars Helicopter,” H. F.
Grip, W. Johnson, C. Malpica, D. P. Scharf, M.
Mandic, L. Young, B. Allany, B. Mettlerz, and M.
San Martin, 2017 (https://rotorcraft.arc.nasa.
gov/Publications/files/ERF2017_final.pdf).

Disclaimer: The simulation images were
created from a geometry Ansys redrew
from the public domain model of the
helicopter and were run and post processed
by an Ansys engineer. NASA JPL was not
involved in their creation.

© 2021 ANSYS, INC.

INGENUITY’S BIG MOMENTS

Perseverance and Ingenuity took a
selfie together on April 6, sitting on the
surface of the Jezero Crater.

Once deployed, Perseverance wasn't
able to shield Ingenuity from frigid
nights on Mars, which can dip to -130 F.

Without its faithful power supply,
Ingenuity also had to charge itself
using its solar panel.

On April 19, Ingenuity completed the
first powered, controlled flight on
another planet and safely landed back
on the surface.

Ingenuity captured its first color image
from 17 feet above the Martian surface
on its second flight on April 22.

. Ingenuity reached a height record of

39 feet in July.

Ingenuity survived unplanned
swinging around the Martian
atmosphere during its sixth flight
when it endured pitch and roll motions
of more than 20 degrees and spikes

in power consumption. This proved
Ingenuity’s ability to tolerate errors
without devolving into instability.

. During its ninth flight, Ingenuity

was airborne for 166.4 seconds — 2.8
minutes — and flew at a speed of 5
meters (16 feet) per second.
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Aevum’
.. Ravn X

Space missions typically have

long lead times. If you want to

launch a payload into low Earth

orbit, you have to find a place

on a rocket that is due to launch

months or years in the future.
Aevum Inc., a member of the

Ansys Startup Program, plans to

change all that with low Earth orbit
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The Aevum Ravn X autonomous launch vehicle

autonomous transport services that can be ready for takeoff in as little as three hours.

Jay Skylus, founder and CEO of Aevum, realized that there was no way to quickly respond to the
need for supplies to cope with a natural disaster somewhere far away on Earth, or to rapidly deploy
a surveillance satellite to better understand the dangers of a military situation anywhere around
the globe. In these cases, waiting months or years to hitch a ride on a scheduled rocket simply

isn't fast enough.

t was clear that limited access to space

was stifling technologies that could save

millions of lives. Spurred in part by having

a brother in the military, Skylus resolved

to democratize the access to space by

founding Aevum in 2016. Four years later,
on Dec. 3, 2020, Aevum unveiled the world's
largest unmanned aircraft system (UAS) by
weight, its Ravn X autonomous launch vehicle.
Aevum has been selected by the U.S. Space
Force for its Agile Small Launch Operational
Normalizer 45 (ASLON 45) mission. ASLON 45,
which is designed as a building block toward
responsive launch and calls for the launching
of multiple 3U and larger U.S. government
CubeSats into low Earth orbit at a 45-degree
inclination. Ravn X is designed to launch in as
little as 180 minutes from the initial order.

Realizing early on that simulation would be
needed to design the system, Skylus discovered
the Ansys Startup Program through Ansys' Elite
Channel Partner, Simutech.

“Being able to generate analysis results
to justify the margins of safety for different

Ansys Advantage

components of Ravn X was very helpful,” says
Ovidiu Mihai, chief engineer at Aevum. “We
would not have been able to do that without
the Ansys Startup Program.”

IT'S A PLANE, IT'S A ROCKET ... IT'S BOTH
The Ravn X autonomous drone looks like an
airplane, and it can take off like one from a
runway as short as 1 mile long. It can launch
and land at many locations, making it versatile
for quick deployment.

But this autonomous drone is only the first
stage of a three-part system. It carries a two-
stage rocket underneath it, which is activated
in the air when the drone has reached a
velocity of roughly 650 mph at an altitude of
about 60,000 feet. The rocket drops away and
ignites the kerosene-liquid oxygen engines
of the second stage, while the:100%-reusable
drone flies back to the landing strip and parks
itself in the hangar, ready for reuse.

The second stage accelerates the rocket,
then the third stage separates from the
second, which is carrying a satellite or other
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“Most of my experience has been doing mechanical
simulations and checking them with hand calculations.
With Ansys simulations, | get correlation of results within

5% all the time.”?

— Ovidiu Mihai, Chief Engineer, Aevum

payload and fires its engines to reach escape
velocity (over 17,000 mph) to put the payload
into low Earth orbit. The third stage might
contain a cargo module that carries 264
smaller drones for personalized delivery of
supplies to areas on Earth.

DESIGNING THE RAVN X

Aevum’s design scheme from the start has
included minimizing risk, maximizing flight
efficiency, and leaving no space junk behind.

“By operating autonomously, there's no
risk to human life,” says Mihai. “The ignition
of the rocket engines and the actual rocket
flight happen far away from human beings,
unlike traditional rockets that lift off from a
launch pad on land.” And there are no humans
onboard who might be at risk if something
goes wrong in space.

Additionally, by removing a human pilot
from the launch equation, Aevum can take
full advantage of the laws of physics and
optimum efficiency, which include significant
fuel savings. Unlike other horizontal launches,
where the plane acts like a carrier vehicle, Ravn
X operates as a true first stage, contributing
delta V to the rocket's momentum. Delta V is
the difference between the initial velocity and
the final in-orbit velocity.

Ravn X is currently subsonic, though there
are future plans for supersonic options. Finally,
Aevum is determined to be a steward of the
low Earth orbit environment.

“Our end goal is that every system of the
Ravn X will be reusable,” Mihai says.

SIMULATING SPACE SOLUTIONS
A major initial challenge in designing multiple-
stage rockets is determining the mass
fractions for the different stages. The goal is to
maximize the mass fraction, which is the ratio
of the payload mass to the total vehicle mass.
“We make an effort to optimize fiber
placement and fiber direction for all the
structural components,” Mihai says. “We can't
get away with only composites — we'll have
some metallic structures as well — but even
then, there's always a way to make sure that
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The autonomous drone is only the first stage of a
three-part system. It carries a two-stage rocket
underneath it.

we only carry the necessary structural weight.”

While investigating composites, he has used
Ansys Mechanical ACP Prep-Post to predict the
margins for failure criteria.

“Using the Tsai-Wu interaction constants is
easy with Ansys Mechanical,” he says. “Setting
up external data cloud points with pressure
fields or other described loads is simple
compared to other simulation products.” He also
uses simulations to determine Hertzian contact
stresses, which are localized stresses that
develop as two curved surfaces come in contact
and deform slightly under imposed loads.

Mihai has also used Mechanical to design
Marman clamps, which hold two cylindrical
objects together end-to-end with a ring clamp.
Generally, a Marman clamp consists of a
circular strap with an interior V-shaped groove.
Tension is applied to the strap with a threaded
bolt and nuts connecting to the ends. Mihai
describes the design work as “normally very
tedious,” but he got results quickly and easily
using finite element analysis.

“Most of my experience has been doing
mechanical simulations and checking
them with hand calculations,” he says. “If
you get similar results, it's easier for upper
management to say, ‘Go ahead and build
a prototype and run a test." With Ansys
simulations, | get correlation of results within
5% all the time."

Mihai and his Aevum colleagues have done
a lot in a short time — from the online unveiling
of the Ravn X in December 2020 to the award of
a patent for its technology on May 4, 2021, to its
scheduled first commercial mission in 2022. But
providing quick turnarounds is what Ravn X —
and Ansys simulations — are built to do. \
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< Spherical antenna prototype
Image courtesy of FreeFall Aerospace 2

_Inflatable Space Antennas
Improve TheirAim

by Ansys Advantage Staff

ansmitting data to and from space in the most efficient manner possible — minimizing
Weight, power, complexity, and cost — is and always has been one of the fundamental
challenges facing the entire space industry.

FreeFall Aerospace, a Tucson, Arizona-based technology spinoff company from the
University of Arizona, has developed a new type of antenna that promises to meet this
challenge in a unique way. FreeFall uses an inflatable structure that can be packed inside
a small satellite and deployed in space. This provides a large aperture that can transmit
or receive vast amounts of data with very low mass and power compared to traditional
antenna systems. The FreeFall antenna is essentially a balloon — half transparent and
half metallized — that captures radio signals for efficient communication. Allowing the
reflector to take a spherical rather than a parabolic shape results
in very low-risk deployment since a sphere is the natural shape of
most inflated objects. The resulting system has the potential to
provide high data rate coommunication at a fraction of the size
and cost of existing solutions.
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FreeFall engineers have made
extensive use of Ansys HFSS
full-wave electronic simulations
to analyze the performance of
this system and develop detailed
designs without the need for
expensive and time-consuming
hardware experiments.
The company obtained HFSS through
the Ansys Startup Program, which
makes simulation software available at
significant discounts to startup companies.  |,fiatable space antennas improve their aim.
Ansys Elite Channel Partner Phoenix Analysis Image courtesy of FreeFall Aerospace
and Design Technologies (PADT) steered the
FreeFall team to the Ansys Startup Program, which resulted in a FreeFall-Ansys partnership.

“I can’t imagine how we or any similar company could have done this without tools like Ansys
HFSS,” says Doug Stetson, co-founder, president and CEO of FreeFall Aerospace. “l guess back
in the day, you would build and test and test and test, but it would take a tremendous amount
of time to build different antenna types, test them and tweak their designs physically to get
the performance you want. We're able to do that all electronically now using HFSS, and it's a
tremendous time and money saver — it's enabling for a company like ours.”

SIMULATING SPHERICAL ANTENNAS
The symmetry of the spherical antenna is the key to FreeFall's technology.

“The symmetry gives a sphere essentially an infinite number of directions that you can aim
the beam,” says Terrance Pat, RF design engineer at FreeFall, who received his doctorate under
Walker. The ability to efficiently steer the radio beam without the need to physically turn the
spacecraft or antenna is one of the keys to FreeFall's approach. HFSS capabilities for rapid meshing - o =
and parametric adjustment of quantities, such as phase and amplitude, lead to a highly efficient -'q
process for antenna simulation and design. Y

“Ansys has made the process of determining the proper mesh more or less automated,” Pat says.
“So it's as easy as designing your antenna and defining the appropriate boundary conditions. About
nine times out of 10, you can go with the default meshing, which is determined automatically.”

Making Connections with Antennas

FreefFall Aerospace was founded in 2016 based on radio telescope
innovations by Chris Walker, a professor of astronomy at the University of
Arizona and co-founder of FreeFall. When it became obvious that Walker's
research in terahertz radio astronomy could have major applications in
communications satellite technology, Walker teamed up with Stetson, a
30-year veteran of NASA's Jet Propulsion Laboratory Propulsion Laboratory,
to commercialize the technology.
“We strive to be experts in the science of connectivity, which is a major
area of research throughout the space industry,” Stetson says. “All of these
applications rely on the ability to move large amounts of data from point
to point, from person to person, through space, and around the Earth.
Every bit of that data, at one point or another, goes through an antenna,
so creating new high-efficient antenna systems is critical to the success of
commercial and government programs alike.”
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4| guess back in the day, you would build and test and test
and test, but it would take a tremendous amount of time
to build different antenna types, test them and tweak their
designs physically to get the performance you want. We're
able to do that all electronically now using Ansys HFSS, and
it's a tremendous time and money saver — it's enabling for
a company like ours.??

— Doug Stetson, Co-founder, President and CEO of FreeFall Aerospace

In simulating the antenna, Pat says he uses alternative computational methods to save time,
such as the integral equation (IE) method, which solves massive equations using integrals instead of
matrices, and the shooting—and-bouncing-ray (SBR) method, which is based on geometric optics.

“When you have a reflector that is electrically very large, you can approximate the field
impinging on the reflector as geometric rays, which are almost parallel,” Pat says. So you can use
ray tracing to get back the scatter fields from the reflector. And the plus side of using SBR in those
situations is that it's GPU friendly. You can use a graphics card to accelerate the computation,
which really helps.”

USING ANSYS HFSS FOR ENGINEERING AND SALES
Currently, the inflatable reflecting spherical antenna is in the prototype stage, with several
interested potential customers monitoring the company’s progress. Stetson has found that HFSS
simulation results are key to keeping these potential customers informed.

“We use HFSS not only for our design but for communication with our customers,” Stetson
says. “They give us particular specifications on the type of radio beam output that they want to
meet their needs. We have to show them that we have designed a system that will meet those
specifications, so the output of HFSS is critical. We can show them in a graphical sense exactly what
they're going to be getting from our design.”
FreeFall Aerospace is working with Rincon Research in Tucson and students from the University
develop the CatSat mission (named for the UA Wildcats). CatSat is a 6U CubeSat that
by the NASA CubeSat Launch Initiative mission and will fly in mid-2022. It is designed
nstrate FreeFall's inflatable spherical reflector technology as well as perform a number of
experiments, all led by students and faculty of the University of Arizona.
s going to be very exciting,” Stetson says. “We're proud to be part of this all-Arizona spaceflight
ission and see our technology in action.” A

-
.
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Lightning
Simulatiop

Susceptibility Matches
Field Results

By Guadalupe Gutiérrez, Airbus Defence and Space, Getafe, Spain

They say you never know when lightning will strike.

Though that expression is mostly used metaphorically to
describe an innovative idea, lightning strikes are a very real
concern for aircraft manufacturers and aviation regulators,
especially considering that a commercial plane is likely to

be struck by lightning once every 1,000 hours of flight time.
Some aircraft manufacturers have their own innovative ideas
on how to understand the effects of those strikes.

European aerospace pioneer Airbus recently used Ansys
EMA3D and MHARNESS to simulate lightning susceptibility
for a hybrid cockpit design made partially of metal, carbon fiber
composite, and copper foil. The simulation was part of a research
and technology project focused on developing the aircraft of the
future: an ultra-green and highly cost-efficient air-transport system.

Specifically, Airbus engineers wanted to validate how well the model could predict the entire
electromagnetic behavior of the cockpit's complex electronics and cabling system in response to
induced transients. That would help them understand how closely simulation results matched the
results of field testing.

Cockpit meshed model
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Airbus has used Ansys EMA3D to
understand lightning-induced
electromagnetic compatibility (EMC)
and support EMC certification for at
least two decades.

A COMPLEMENT TO PHYSICAL TESTING
A single lightning strike can contain millions of volts or hundreds of kiloamps. When a
force that powerful is injected into an airplane, it has the potential to cause tremendous
damage. Lightning strikes can ignite flammable vapors, melt metallic parts, puncture and
delaminate composite parts, and disturb the normal operation of safety- and mission-critical

systems, including electrical and electronic equipment. At its worst, lightning has brought

down commercial aircraft, although that's exceedingly rare. The last major incident was

decades ago.
To promote overall flight safety, aircraft manufacturers design lightning protection into
every plane.

Evaluating the effectiveness of those features generally centers on physical testing of parts and
components — not the entire aircraft. This is mainly because full-threat physical testing of an entire
aircraft is available only at a handful of
facilities, and the process is difficult,
destructive, and dangerous.

Cost and development delays
also factor in to physical testing. For
one thing, full physical testing of an
aircraft under development requires
manufacturing a prototype, which
takes months and is expensive. If
the aircraft fails the test at this point,
redesign and retrofit costs can be in
the millions of euros.

Fully testing an existing aircraft
after changes to its lightning
protection systems is also possible,
but that process has its own
challenges. Every day of testing an
aircraft is a day it's not performing
its intended function, flying passengers
or cargo to their destinations. That's an
expensive proposition as well.

And, more than once, full-threat testing has caused enough damage to take an airplane out of
service for an extended period.

Simulation avoids these challenges, but it is not meant to replace physical testing.

Instead, it is an increasingly important tool that contributes to aircraft development as early
as the proof-of-concept phase. In addition to helping produce robust designs, simulation

also supports the qualification and certification process, as well as aircraft maintainability and
modifications.

Electromagnetic model from the digital mock-up
of the cockpit

SIMPLE, LIGHT AND MANAGEABLE

Airbus has used Ansys EMA3D to understand lightning-induced electromagnetic compatibility
(EMC) and support EMC certification for at least two decades. The solver allows engineers to model
large aircraft while also resolving conductor pins no more than a millimeter — or less — in size.
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In this case, Airbus compared Ansys EMA3D
results to those produced by a complete lightning
indirect effect (LIE) and high-intensity radiated field
(HIRF) campaign (including low-level direct drive,
low-level swept current and low-level swept fields) at
its testing facilities in Getafe, Spain. The test cockpit
was equipped with a realistic electrical installation,
including several metal boxes as dummy equipment
and over-braided harnesses with inner conductors.

Airbus then used a simple, light, and manageable
EM model to perform the simulations. The Ansys
EMA3D quasi-magnetic time step acceleration
technique increased the permittivity of free space
to accelerate the convergence of long transients, making it possible to reduce the speed of light
without significantly affecting field values. In fact, EMA3D allowed engineers to select a time
step several orders of magnitude higher than the one required by the Courant criterion for the
real speed of the light. This is particularly useful in lightning simulations where engineers are
interested not only in the peak amplitude but also in the energy content of the response or to
solve slow waveforms.

Ultimately, the acceleration technique decreased the number of steps required to design the
simulation, reducing simulation time by 90% and speeding the overall process.

Surface current distribution on the cockpit

A SAFER PRODUCT
Airbus engineers found a high level of agreement between measured results and simulation. The
simulation results were actually on the conservative side, making them useful not just for informing
design decisions but also for meeting safety and certification criteria.

Using Ansys EMA3D, engineers did not have to tune the electromagnetic model to validate
any of the different testing techniques. They were able to consider all of the relevant components,
ensure the necessary contact between components and avoid unwanted connections.

In the end, the field study and simulation covered all of the main external threats that can affect
an aircraft. The agreement between the two efforts proved the effectiveness of simulation and
Ansys EMA3D's predictive capacity. Now, aircraft manufacturers can be more confident than ever in
the ability of simulation to estimate transients induced in the aircraft at every stage in the product
life cycle, from the beginning of the design process to qualification and certification, and also
during ongoing maintenance.

As for the flying public, this means that if lightning ever does strike, they can rest assured
knowing safety has been engineered into every inch of the aircraft. /A
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The direct current simulation (blue) closely matched the test measurement (red).
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