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ABSTRACT

The NASA Revolutionary Vertical Lift Technology project supports advanced air mobility missions
through various vertical take-off and landing related projects. These efforts expand rotorcraft technology
to improve the quality of life and perform “public good” missions through numerous mission concepts. The
work presented herein introduces Multi Modular-Rotorcraft (MMR) technology, which explores the
multifunctionality of sub-vehicles to expand the number of simultaneous missions for a rotorcraft. MMR
technology can advance aeronautics through inspired transformational innovations. In this paper, the MMR
concept is described, and examples of applications, 1) Disaster Relief, 2) Package Delivery, 3) Applied
Science, and even 4) Planetary Exploration, are presented as potential reference missions for the MMR.
With reference to an applied science mission, results from a rotor sizing demonstration and aerodynamic
performance analyses of a MMR sub-vehicle, the Orb, are presented.

NOTATION
c chord length, ft
N number of blades
P shaft power, hp
R rotor radius, ft
T thrust, 1b
P air density, slug/ft3
c solidity
Q rotational speed, rad/s
Cq drag coefficient
Cp power coefficient
Cr thrust coefficient
Viip tip velocity, ft/s
AAM  Advanced Air Mobility
ABL atmospheric boundary layer
AR aspect ratio
FM figure of merit
GNC Guidance, Navigation and Control
GHG greenhouse gases

IR Infrared radiation
LiDAR light detection and ranging
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MD mission duration, min

MMR Multi Modular Rotorcraft

RPM revolutions per minute

RVLT Revolutionary Vertical Lift Technology
TTR twin tandem rotorcraft

UAM Urban Air Mobility

UAV unmanned aerial vehicles

VTOL  vertical take-off and landing

INTRODUCTION

Engineers at NASA Ames Research Center have
supported projects such as the Revolutionary Vertical
Lift Technology (RVLT), which aims to progress
Advanced Air Mobility (AAM) goals, expand the
development of vertical lift rotorcraft and Urban Air
Mobility (UAM) technology [Ref. 1], and improve the
quality of life through “public good” missions [Ref. 2-
8]. The current state of UAM conceptual designs
features a selection of rotorcraft configurations
including multi-rotors, tiltrotors, quadrotors, side-by-
side rotors, among others [Ref. 8], which unlock
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capabilities and opportunities for various critical service

missions. The operability of such rotorcraft is
contingent on factors such as structural design
considerations, rotor aerodynamic performance

including rotor sizing, weight requirements for payload,
instrumentation, and battery pack; vehicle handling
qualities, vehicle range and endurance are also
important factors.

This work expands on the advancement of rotorcraft
technology by introducing a Multi-Modular Rotorcraft
(MMR) concept. The MMR is an advanced multi-
functional and multi-purpose rotorcraft that is designed
in a quadrotor configuration to disassemble into sub-
vehicle and reassemble on demand into a larger
comprehensive vehicle. The sub-vehicles of the MMR
include the medium-sized Twin Tandem Rotorcraft
(TTRs) and small-sized rotorcraft (Orbs), as shown in
Figure 1. As an aggregate platform, the MMR can be
designed to carry the maximum weight including all
sub-vehicles, payloads, and instrumentation. With that,
the MMR could collectively accomplish a wide range
and diverse set of high-risk mission objectives
compared to a conventional (non-modular) rotorcraft.

Each category of sub-vehicle can be tailored to operate
independently or in a swarm. While on the ground, the
TTRs can be reconfigured from the fully assembled
quadrotor MMR by pivoting one of the TTR’s rotors
arms by 45° prior to flying away thus splitting into two
tandem rotor vehicles. Each TTR can be designed to
carry dedicated payload to support various missions. For
example, TTRs can perform synchronized stereoscopic
imaging of ground features by flying side-by-side. The
Orbs, being the smallest sub-vehicles of the MMR, have
independent navigation capabilities and can also operate
in swarm-like formation to assist with mission support.
The Orbs are housed in special bays within the MMR
from which they are released for flight operation. The
Orbs can perform aerial surveillance as well as navigate
areas inaccessible by the larger MMR and TTRs.

Ultimately, mission planning for the efficient transition
from MMR to TTR configuration is critical as well as
the deployment and retrieval of the Orbs. Based on the
desired mission, the MMR can be adapted to have
optimal structural designs of the sub-vehicle
components to handle the dedicated payload, efficient
rotor systems which enable higher altitude and longer-
range flights, and improved handling qualities for flight
control. The overarching MMR concept is aspirational
with regards to inspiring a whole new field of multi-
rotor system design for vertical take-off and landing

(VTOL) vehicles. MMR’s capability to expand from a
singular rotorcraft to a modular rotorcraft enables high-
risk missions to be accomplished efficiently at greater
success rates based on mission phase constraints.

To demonstrate the potential for developing and
utilizing MMR technology, this paper presents four
examples of reference missions that illustrate how
MMR can be leveraged. Furthermore, the applied
science application is selected for a case study in which
a region of interest is identified and a mission profile for
the MMR and Orbs is described. Additionally, a rotor
sizing exercise is performed for a single Orb to
determine the optimal rotor size and performance in
terms of thrust and power required for the Orb to
execute its desired mission.

MMR: Houses and carries the identical TTRs and Orbs
including all instrumentation.

lr Orb: Assist the MMR and

each TTR with navigation
and sensing capabilities.

TTR will reconfigure from
the quad configuration by
repositioning the rotor’s
arms by 45°

TTR  activates  the
mechanical interlocking
systems and splits to
two rotor vehicles.

\ ‘ TTR: carries a singular Orb for
navigation and sets of instruments to
conduct different science missions

simultaneously. Each TTR is fully
functional and independent of the
MMR.

Figure 1. Preliminary MMR design and description
of sub-elements.

MMR POTENTIAL APPLICATIONS

The MMR concept is neither task-specific nor invariant
in size and overall configuration, making it an optimal
aggregate platform for exploring different missions.
While the MMR concept provides flexibility and
adaptability, this section identifies four reference



missions for MMR’s potential application, namely 1)
Disaster Relief Efforts, 2) Package Delivery, 3)
Planetary Exploration, and 4) Applied Science.

1. Disaster Relief

Disaster relief efforts refer to actions taken preemptively
and in the immediate aftermath of natural disasters such
as hurricanes, wildfires, earthquakes, tornadoes, and
landslides. Although disaster relief actions can be
implemented prior to a potential threat, it is challenging
to accurately gauge the predictability and severity of
natural disasters. As such, most emergency response
cases focus on safe evacuations, victim recovery, and
providing basic needs to affected populations during or
following the catastrophe. First responders and relief
workers are typically equipped with technical expertise
and tools to aid in evacuations and recovery; however,
in some instances, affected areas are inaccessible and
restricted due to severely damaged infrastructure.

The use of unmanned aerial vehicles (UAVs) and drones
has become prevalent in providing quick emergency
response by delivering essential supplies in unnavigable
areas, aerial surveillance for damage assessment, and
scouting areas for temporary shelter for victims. While
UAVs and drone technology offer various advantages in
supporting disaster relief efforts, limitations such as
flight endurance, limited battery life, and limited
payload capacity, among others, restrict the amount of
time they can spend in the air and hinder the number of
supplies delivered [Ref. 8-10].

The effectiveness of the novel MMR technology is
demonstrated in the ability to simultaneously deploy
multiple subsystem vehicles within an affected area.
The aggregate MMR platform can be launched to the
site of interest and the TTRs and Orbs can be deployed
hence forth within the damaged areas to survey, deliver,
and collect data of the damaged areas concurrently. Both
TTRs and Orbs could be equipped with Light Detection
and Ranging (LiDAR), Infrared Radiation (IR) sensors,
and a camera to navigate, detect, and identify victims.
Compared to the larger aggregate MMR, the small-sized
Orb design is advantageous because it enables flight into
narrower entrances in partially collapsed buildings in
the case of an earthquake, an urban fire environment, or
any other natural disaster [Ref. 11, 12]. Each Orb would
survey the impacted areas for stranded humans or
animals and communicate with the rescue crew using
the sensors onboard. MMR reduces the risk of the first
responder’s exposure to unsafe environments since
Orbs would have surveyed the area and identified

potential hazards or verified that evacuation of the
people has been completed.

Some of the foreseen challenges with developing the
MMR for disaster relief efforts include but aren’t
limited to, effective communication between the sub-
vehicles, payload capacity, battery life, Guidance,
Navigation and Control (GNC) subsystems, and hazard
identification and assessment. However, the MMR’s
flexibility in sub-vehicle modification can be optimized
and leveraged to effectively meet the diverse
requirements of various disaster relief scenarios.

2. Package Delivery

Over the past eight years, drones have undergone
significant advancements in delivering packages,
including medical equipment and supplies, agricultural
tools, and commercial goods, in various U.S. cities [Ref.
13]. Drone technology has advanced to ensure safe and
precise delivery operations using autonomous
navigation systems. Drones are equipped with sensors
and cameras that make adapting to the everchanging
environmental conditions easy. The sensors can assess
drastic changes in weather patterns, assist with hazard
avoidance, and enable visibility in low-light and foggy
conditions.

With the increasing payload capacity in various industry
applications, new possibilities are unlocked for MMR
technology as heavy-duty drones. MMR is ideal for
situations where the larger platform may replace larger
delivery trucks, while the Orbs may replace hand
delivery for lighter packages (less than 25 1b). In
addition, the MMR can handle multiple packages
whereby the TTRs and Orbs can be deployed in
designated areas for different delivery tasks over
varying distances.

For such implementation and the ability to handle
increasing payload capacity, the aggregate MMR
platform is required to maintain optimal performance
for the desired duration of flight. A set of limitations
with developing a MMR with sub-vehicles for package
delivery include limited range, battery life that will
sustain the vehicle’s operation, payload capacity, and
flight time, among others. As such, vehicle sizing
procedures for optimal battery life and rotor
performance, as well as structural design and
aerodynamic analyses, should be undertaken to
determine efficient performance of each vehicle.



3. Planetary Exploration

Regarding the use of rotorcraft technology for planetary
exploration, Ingenuity [Ref. 14] successfully
demonstrated the first powered aerodynamic flight on
Mars. This capability has propelled the development of
advanced rotorcraft for science investigations and
mission support with dedicated payload. Whereas
Ingenuity was part of an aerial and ground-based vehicle
collaborative mission type with Perseverance rover, the
next generation of conceptualized rotorcraft designs will
be tailored to developing standalone rotorcraft such as
Mars Science Helicopter [Ref. 15-19]. As such, these
advanced rotorcraft’s independence from a ground-
based vehicle provides more opportunities for science
investigations.

For planetary exploration, the MMR exemplifies an
advanced standalone rotorcraft that is not only payload
carrying, but also an aggregate platform that could
transform into TTRs and deploy Orbs for multiple
missions each carrying its own dedicated payload.
Transforming into TTRs, mission profiles could be
developed such that the vehicles are programmed to
operate simultaneously to capture data and perform
science investigations at different altitudes including
scanning terrain for ice deposits, soil degradation, etc.
In addition, each TTR can be designed to have
additional power supply that is supplementary to the
power supplied by the aggregate MMR platform. The
ability to split the MMR into TTRs is advantageous
because they could land in smaller landing zones,
providing more accessibility. The Orbs, as the smallest
sub-vehicles can be deployed to navigate narrower
regions that are inaccessible to the TTRs and large
MMR. Figure 2 shows the breakdown of each vehicle
and the TTRs reconfiguration from MMR to a tandem
configuration.

MMR

Figure 2. Schematic of MMR, the medium-size
TTR, and small-size Orb vehicles.

It is important note that the schematic in Figure 2 does
not reflect a final MMR design including sub-vehicle
orientation. Optimal rotor structure and the appropriate
number of rotor blades would have to be determined and
optimized for the final MMR replica. The MMR
provides numerous opportunities to aerially scan terrain
and perform research and data collection for multiple
science missions simultaneously over significant ranges
[Ref. 14]. One major challenge with developing the
MMR for extraterrestrial flight involves extensive
verification and validation of each sub-vehicle and the
associated subcomponents operability in the desired
planetary atmosphere including determining optimal
structural designs and optimized rotor aerodynamic
performance.

4. Applied Science

One other area for potential application of the MMR
involves applied science missions. Existing drone
platforms have helped advance scientific research for
instance measuring toxic plumes in air quality studies
[Ref. 20], improving eruption hazard predictions in
volcanic mountain studies, tracking animal populations
[Ref. 21].

Depending on the science mission and associated
duration, drones, whether operating individually or in a
swarm, can be equipped with dedicated payload and
instrumentation. Drones are also adjustable with the
ability to swap payloads, if the weight limit is met, for
multiple mission execution. The MMR links both
capabilities, whereby it is comprehensive of a swarm
and an aggregate platform.

EEEEEaenme— | -

Figure 3. Design concept of MMR with multiple
Orbs.

On the other hand, the Orbs' (Figure 3) ability to operate
as a swarm enhances their effectiveness in
comprehensively surveying the terrain. Like small
drones, the small-sized Orbs have minimal impact on
airflow  dynamics, making them particularly
advantageous for missions that necessitate reduced flow
disruption. Figure 4 shows an example of Orbs
performing aerial surveillance. The diagonal formation
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of the Orbs’ flight is essential as it limits the effect of
the downwash experienced by each Orb from the other
Orb’s rotors. This may further impact the data collected
by the sensors on board during flight operation.
Additionally, the MMR platform is beneficial for
conducting environmental monitoring and making
localized assessments of climate change impacts.

Swarm of
Orbs

Figure 4. Swarm of Orbs performing aerial
surveys to monitor air quality.

Refining the MMR for potential mission applications
involves determining the payload capacity required for
the desired mission, the corresponding sub-vehicles
suitable for the task, the mission profile, and the
anticipated duration of flight operation. Various
parameters pertaining to vehicle development would
then be prioritized, such as rotor sizing and aerodynamic
performance, weight management of payload and
instrumentation, autonomy through navigation, remote
sensing capabilities, surface operations, and robotics,
among others. As part of the work presented in this
paper, an applied science-related mission was selected
to demonstrate how the MMR, particularly the Orb sub-
vehicles, can be integrated and developed for mission
support.

APPLIED SCIENCE APPLICATION STUDY

In this section, the MMR concept was adapted for a
notional applied science mission. Following a bottom-
up approach in terms of design and analysis, the Orb was
selected for further investigation since it is the smallest
sub-vehicle of the MMR. The goal for this study,
therefore, was to develop a vehicle concept of a single
Orb for potential application in an applied science
mission. The applied science mission focused on aiding
in terrain surveillance and air quality measurements. In

the subsequent sub-sections, a mission description for
science investigation is described, and a preliminary
design of the Orb is presented. Additionally, a case
study for the Orb’s rotor sizing and aerodynamic
performance analysis is presented.

1. Mission Description for Applied Science

For the applied science application, this study focused
on the region of Tanana in the western interior of Alaska
and the Tanana Flats region in the Tanana River Vally
lowlands of Alaska [Ref. 22]. The region of Tanana in
Alaska ranges from approximately 55m to 253m in
elevation and is known for its significant climatic
variations, ranging from subarctic temperatures in the
winter to continental temperatures in the summer,
ranging from an average of -31°F to around 72 °F [Ref.
23]. The region’s temperature and elevation ranges are
notable because they are atmospheric conditions
required for flight and operation.

Due to the extremely cold winters, large amounts of
permafrost develop, which is ground surface that
contains organic matter and has remained frozen for at
least two consecutive years. Permafrost thaws and
decomposes due to continuously rising temperatures,
leading to the release of Greenhouse Gases (GHQG),
primarily methane and carbon dioxide, into the
atmosphere. The environmental conditions in Tanana,
as described by Jorgensen et al. [Ref. 24], highlight the
impact of permafrost degradation and associated
ecological changes. Researchers have studied the
environmental conditions in Tanana, Alaska, and the
impact of GHG storage on soil and vegetation in several
regions in Alaska [Ref. 25-28]. In addition, researchers
and scientists have conducted climatic research to
monitor the changes in atmospheric conditions and
GHG emissions [Ref. 29-30]. Technology initiatives
using artificial intelligence have been formed to
streamline the process of carbon dioxide emission
measurement and analysis through language models
[Ref. 31-32]. Other initiatives have involved carbon
storage techniques to capture and store carbon dioxide
sustainably to prevent it from being released into the
atmosphere [Ref. 33-34].

Aeronautics-related innovative technologies have been
implemented to complement GHG mitigation efforts by
investing in sustainable aviation fuels [Ref. 35],
integrating systems into aircraft or on-ground facilities
[Ref. 36], and developing new propulsion systems such
as hybrid-electric engines [Ref. 37]. Additionally,
UAVs or drone-like rotorcraft equipped with low-cost
sensors have been used to assist in surveillance and air
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quality measurements at different elevations [Ref. 38-
43]. For most of these applications, an advantage of
utilizing UAVs and drones is based on their capability
to maneuver and accurately provide real-time
monitoring at various altitudes within the atmospheric
boundary layer (ABL), where most ground-atmosphere
interactions occur (100 m to 3 km above sea level)
except in mountainous regions [Ref. 44-45]. The use of
rotorcraft technology is deemed advantageous over the
traditional ground-based systems because it provides
enhanced air mobility, with more comprehensive
coverage for precise atmospheric surveillance in remote
and difficult-to-access environments.

2. Atmospheric Conditions for Flight, and Orb
Design

Based on the state-of-the-art, this work specifically
explored the potential use of Orb, the MMR’s sub-
vehicle, to assist in the monitoring of greenhouse gas
emissions in the Tanana region of Alaska. The
objective, therefore, was to determine the optimal rotor
geometry of a single Orb with varying rotor radii to
ensure that the Orb can carry up to 2 Ib of science
payload, including the sensors for atmospheric
measurements. The region of interest for surveillance
and air quality measurements lay within the
troposphere, ranging in altitude between 0 and 11 km,
as shown in Figure 5. This region, in which toxic plumes
and greenhouse gases are most likely to be trapped,
informed the flight altitude of the Orb, ranging between
394 ft — 492 ft (120 m and 150 m). The relevant
atmospheric conditions conducive to flight in the
Tanana region are described in Table 1. The
atmospheric density was selected based on the
maximum elevation of the region.

Table 1. Atmospheric conditions for flight.
Atmospheric conditions

p (slug/ft3) 0.0022
Regional elevation range (ft) 180 - 830
Temperature (F) 41

Flight altitude (ft) 394 - 492

The Orb was designed to be equipped with at least two
sensors to detect the carbon dioxide and methane levels
in the atmosphere within 800 ft above sea level. The
sensors selected for this study as shown in Table 2, can
provide high resolution surface imagery. Arbitrary
weights for each sensor are included to indicate how
much each instrument would contribute to the total
weight of the Orb. The LiDAR sensor and camera are

also included to assist with ground hazard avoidance
and image capture, respectively.

in the Low Zon,
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Figure 5. Atmospheric ozone layers [Ref. 44].

Table 2. Sensors carried by the Orb to enable
science missions.

Instruments Weight
LiDAR 0.048 Ib
CO2 sensor 0.280 Ib
Methane sensor 0.039 Ib
Camera 0.511 1b

SolidWorks was used to develop the Orb’s baseline
layout and geometry, as shown in Figure 6. The Orb was
designed with a five-bladed quadrotor system. This
study considered the weight of each sensor for the
vehicle’s total weight requirement. The flight speeds
considered were 16.4 ft/s and 32.8 ft/s based on the
sensors’ exposure duration requirements to collect
quality data [Ref. 44] within the desired region of the
troposphere.

Furthermore, for aerodynamic performance evaluation
of the Orb’s quadrotor system, the Comprehensive
Hierarchical =~ Aeromechanics  Rotorcraft  Model
(CHARM) was utilized as a mid-fidelity comprehensive
aerodynamic analysis tool to study rotor aerodynamics
for each sub-system [Ref. 46-47].

Figure 6. Preliminary Orb, small-size rotorcraft
subcomponent.



3. Mission Profile for the Orb

To execute the science mission in Tanana, Alaska, a
mission profile for the MMR and the Orbs combined
was set up, as shown in Figure 7. The mission profile is
described such that the aggregate MMR platform
carrying the four Orbs, takes off and climbs to 505 ft
(154 m) within the troposphere region. While the MMR
is in hover at the desired elevation, the swarm of Orbs
will be released to fly over the designated region for a
total 15 min at a speed ranging from 16.4 ft/s — 32.8 ft/s
(5 m/s - 10 m/s). The duration of flight is broken down
such that the Orbs will fly and collect science data for
ten minutes, and the remaining five minutes will serve

as battery reserve.

Hover
Climb to
505 ft Descent
from 505 fi
} Vertical Vertical
;?l:::cta(: Descent Climb Vertical
20 ft descent

Location A Location B Location B Location A

Figure 7. Mission profile.

During cruise, the Orbs perform terrain surveillance and
air quality measurement in Tanana. Meanwhile, the
MMR, after delivering the Orbs, will descend to ground
level for about 10-15 minutes until the Orbs have
completed their mission. Following the Orbs’
surveillance and science measurements, the MMR will
climb again and hover until the Orbs are retrieved and
secured. Finally, the MMR will descend to a landing
position and power off.

The purpose of the MMR in this mission profile is a
means of transport for the Orbs, both to and from
cruising altitude, to conserve the Orbs’ battery for only
flight operation during air quality measurements. It is
important to note that this sample mission profile can be
adapted for various science investigations within the
desired region of surveillance. In addition, whereas the
MMR is primarily highlighted as the Orb transporter to
and from cruising altitude, the MMR’s mission profile
can be reconfigured for separate missions.

For this study, a single rotor of the Orb was sized to
determine the optimal flight performance. Due to the
small size of the Orb and the payload size constraint, the
rotors are designed to be small to minimize the
interruption of the toxic plumes with the motion of the
rotor blades during flight. The gross weight considered

for a single Orb with a quadrotor configuration was 10
Ib. The mass breakdown of the subcomponents was such
that the Orb carries approximately 2 lb of payload,
including a total weight of 0.878 1b. (398 g) of sensors,
as shown in Table 2, approximately 3 Ib of battery (14.8
V), and 5 1lb for the fuselage, motors, rotors, and
additional instrumentation. Based on the mission
profile, duration of flight, and with an assumption of
downward load of 5%, a total thrust requirement of 10.5
Ib was considered for the baseline rotor sizing of the
Orb.

RESULTS

This section presents the results from the Orb rotor
sizing and aecrodynamic performance analyses. A single
4-bladed Orb rotor was modeled in CHARM with a
fixed chord of 1 inch along the blade span based on the
baseline size range of the Orb. Based on the atmospheric
conditions presented in Table 1, additional parameters
including the tip velocity and blade loading (Cr/0) were
calculated for rotors of various diameters as shown in
Table 3. Since the Orb will have RPM control with fixed
collective, to start the initial rotor sizing exercise, a
baseline was determined by setting the rotor tip velocity
to 350 ft/s. To keep the Orb size small, the rotor radius
range between 2.7 inches and 3.7 inches was considered
for this study. For each rotor size considered, the power
requirement varied based on the motors and electronics
used. This contributed to the weight of the Orb for each
rotor radius. In this work, the weight of the Orb was held
constant based on the payload size limitation, and the
mission duration (MD) was determined for the rotor
radius options.

Table 3. Sizing Parameters for the Orb blades.

Parameters Values

R (in) 2.7 3.0 3.5 3.7

c 0.47 0.42 0.36 0.34
Cr 0.061 0.050 0.036 0.033
A (ft2) 0.159 0.196 0.267 0.299
p (slug/ft3)  0.0022 0.0022 0.0022 0.0022
Q (rad/s) 1556 1400 1200 1135
Viip (ft/s) 350 350 350 350
MD (min) 11 12 14 15

1. Rotor Sizing for Orb

Four cases of varying rotor radii were considered for
investigation to determine the rotor(s) with the most
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optimal aerodynamic performance in hover. To model
the Orb's rotor blades in CHARM, the vortex lattice
method was utilized along with NACA 0012 c81 table.
Each data point presented in this paper is an average of
over 50 revolutions of simulation results to mitigate the
effect of unsteadiness in the solution. The NACA 0012
c81 Reynolds number was corrected [Ref. 48] to better
match the Reynolds number experienced by the Orb’s
rotors for better power and performance prediction.

Figure 8-9 shows the Figure of Merit (FM) predictions
based on blade loading and power versus thrust for four
rotor radii, corresponding. For the rotor considered, the
ideal blade loading of approximately 0.11 was used to
size the Orb blade accordingly. As such, the total blade
area was calculated by considering Cr/o= 0.11, for
different numbers of blades to find a reasonable chord
size for each rotor radius.

0.8+
0.6 GA&‘?# e Sy 1o, .
= O
[T '.://
0.4 5 ]
rd
g e-RZTn
02 @ —-A-~R=3.01in| |
4 - B-R=3.5in
& R=3.7 in
0 ‘ ‘ I
0 0.05 0.1 0.15 0.2
CT lo

Figure 8. Single 4-bladed Orb rotor in hover —
Figure of Merit vs. Cr/o.
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Figure 9. Single 4-bladed Orb rotor in hover—
power vs. thrust.

Table 4 shows each option of rotor radius, R, blade
number, N, and desired chord length, c. As observed, the
largest aspect ratio (AR) can be derived for each rotor
options. The 5-bladed rotor, with a radius of 3.5 inches
and a chord of 0.83 inches, and the 5-bladed rotor, with
a radius of 3.7 inches and a chord length of 0.80 inch,
had an AR above 4, as shown in Table 5, therefore both
been selected for the rotor sizing study. Additionally,
the 4-bladed rotor, with a radius of 3.7 inches and a
chord of 1 inch with AR=3.69 was also consider, which
may be an advantage when considering the weight
contribution of each blade. Table 6 shows the selected
cases for the rotor sizing study.

Table 4. Rotor chord length [in] based on rotor
radius and number of blades.

R=27in R=3.0in R=3.5in R=3.7in

N=2 2.04 2.04 2.08 2.00
N=3 1.36 1.36 1.39 1.33
N=4 1.02 1.02 1.04 1.00
N=5 0.82 0.81 0.83 0.80

Table 5. Rotor aspect ratio based on rotor radius

and number of blades.

R=27in R=3.0in R=3.5in R=3.7in

N=2 132 1.46 1.67 1.84
=3 198 2.19 2.50 2.76
=4 2.64 2.95 3.33 3.69

N=5 3.30 3.64 4.17 4.61

To observe the rotor performance of the Orb's initial
geometry, Table 6, each case study was modeled as an
isolated rotor in free field at hover for a Cr sweep
ranging from 0.002 to 0.055. Figure 10-11 shows the
Figure of Merit versus bladed loading fand power versus
thrust for these three selected cases.

Table 6. Rotor sizing study cases.

Parameters Values

R (inch) 3.70 3.70 3.50
¢ (inch) 1.00 0.80 0.83
N 4 5 5

Figures 10-11 show that the 5-bladed rotor with a radius
of 3.7 inches and chord length of 0.80 inches has a high
performance as the same rotor size with a chord length
of 1.0 inch, while requiring a smaller power to reach the
same thrust values. Therefore, the highest performing
case that is, the 5-bladed rotor with a 3.7-inch radius,
and a chord length of 0.80 inches was used in the initial



forward flight study cases. It is important to note that all
three case studies aim to reach the C7/0=0.11.
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Figure 10. Orb rotor in hover trade study— Figure
of Merit vs. Cr/o.
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Figure 11. Orb rotor in hover — power vs. thrust.
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Figure 12 shows the blade loading versus the
corresponding collective angle for the 5-bladed rotor
radii of 3.7 inches, and 0.8 inch chord. This result shows

that the 5-bladed 3.7inch rotor reached the selected
design Cy/o= 0.11 at approximately collective 21 deg,
which could be considered as a built-in collective angle
at 0.75R.

a. Sweep of Linear Twist

For forward flight, rotor performance was critical to
properly size the Orb’s rotors, considering a cruising
flight duration of 15 minutes for each mission. The
forward flight speed requirement for the Orb is between
16.4-32.8 ft/s (5-10 m/s) to allow for the air quality
measurements with sensors on board. Figures 13-14
show the computed total thrust and power values for
front and rear rotors for the trimmed Orb vehicle. Figure
13 shows that by increasing the forward flight speed, the
thrust for front rotors decreases, and for the back rotors,
it increases as expected due to low Orb vehicle speed.
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Figure 13. Orb vehicle at forward flight.
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Figure 14. Orb vehicle at forward flight.

Figure 14 shows that the maximum power consumption
will occur at the lowest forward flight speed of 16.4 ft/s.
Additionally, trimming the Orb vehicle showed a tilt
angle of -3 deg is required at 32.8 ft/s; therefore, for the
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remaining forward flight cases, the forward tilt angle of
3 deg will be applied to each case study. The
corresponding tip velocity of front and rear rotors from
Figure 13-14 is shown on Figure 15. The minimum and
maximum cruising speeds were used as an initial
condition to determine the blade twist and taper for the
5-bladed 3.7-inch radius Orb rotor with a blade chord
length of 0.80 inches. To better compare the power
prediction between cases, each rotor was trimmed to a
thrust value of 3.17 Ib by adjusting the RPM. The thrust

of 3.17 1b corresponds to the highest power
requirements from Figure 14.
450 ‘
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Figure 15. Orb vehicle - Vi, vs. forward flight

speed.

Figures 16 show the rotor power predictions for the Orb
at cruise speeds of 16.4 ft/s (5 m/s) and 32.8 ft/s (10 m/s)
for a sweep of linear twists from -6 deg to -22 deg with
increments of -2 deg.
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Figure 16. Single Orb rotor power versus sweep of

linear twist at forward flight.

These results show that at a higher forward flight speed
(32.8 ft/s), the Orb’s rotor requires lower power to

generate 3.17 1b of thrust, Figurel7, with a minimum
power value of approximately 0.459 hp, which will be
associated with a linear twist of -20 deg. The RPM
requirement to the corresponding power prediction from
Figure 16 was shown in Figure 18 at various linear
twists.
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Figure 17. Single Orb rotor trimmed to thrust of

3.171b.
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Figure 18. Single Orb rotor RPM versus sweep of
linear twist at forward flight.

b. Taper and Linear Twist

To optimize the rotor geometry, linear twists and tapers
were considered side by side when sizing the rotor
blades. The linear twist was swept from -6 deg to -22
deg. For the taper sweep, the taper ratios of 0.6, 0.7, 0.8,
0.9, and 1.0 were applied from the rotor blade root to tip.
Figures 19-20 show the variant sweep of twist and taper
for the 5-bladed rotor with a 3.7-inch radius while
trimming the rotor to the thrust of 3.17 1b by adjusting
RPM, Figure 21. Figure 20 shows the power versus
linear twist over a closer range between -16 to -22 deg
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associated with the lowest power requirements, which
shows that the minimum power value of approximately

0.459 hp will be associated with a linear twist range of -
20 deg.
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Figure 19. Orb rotor power versus twist negative
deg and taper design points.
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When comparing the power required versus the linear
twist, Figure 20 shows that the rotor with a taper ratio of
1.0 (no taper, uniform chord) maintains higher rotor
performance compared to the other taper ratios for each
sweep of linear twist. The taper ratio of 1.0 was selected
for Orb’s blades, as it shows a lower power requirement
of 0.459 hp for producing the same amount of thrust at
a linear twist of -20 deg, Figure 20. Furthermore, the
power versus required RPM was shown in Figure 22 for
the 1.0 tapered case. The results show that the average
lowest power requirement value for the 1.0 tapered case
occurs at the RPM of 11,192.

12500 — i T

== Taper 1.0
12000 |

E 11500 |
Ao p A
-&'_'*_'—A—-—-A-___A____A

11000 |
10500

12 14 16 18 20 22
Linear Twist [degree]

6 8 10
Figure 22. Orb rotor power performance at the
sweep of collective angles.

2. Single Orb Rotor Performance

To further optimize the rotor geometry, the 5-bladed,
3.7-inch radius rotor was modeled with a built-in
collective of 21 deg at 0.75R and a linear twist of -20
deg. Table 7 shows the power, and thrust of the Orb’s
rotor with a tip speed of 352 ft/s, at forward flight speeds
of 16.4 ft/s and 32.8 ft/s. The results indicate that at
cruise speeds of 32.8 ft/s and 16.4 ft/s, the Orb’s rotor
will generate 3. 17 Ib and 3.01 Ib of thrust, respectively.

Table 7. Rotor performance of the 5-bladed Orb
rotor with a radius of 3.7 inches and linear twist of
negative 20 deg and the built-in collective of 21 deg
at 0.75R.

Parameters Values

V (ft/s) 32.8 16.4
Cr 0.037 0.035
Cp 0.0080 0.0079
T (Ib) 3.17 3.01
Piot(hp) 0.46 0.45
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Figure 23 shows the power versus thrust generated from
the single Orb rotor at a RPM sweep from 10,000 to
14,000 at forward flight speed of 32.8 ft/s.
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Figure 23. Orb rotor - power vs. thrust at forward
speed of 32.8 ft/s.

3. Orb Rotors Performance

Following the performance analysis of the Orb’s single
rotor, two additional cases were analyzed with the Orb
in the quadrotor configuration considering the same two
forward flight speeds as before (16.4 ft/s and 32.8 ft/s).
In CHARM, four 5-bladed Orb rotors with a radius of
3.7 inches and an average chord length of 0.8 inches
with a taper ratio of 1.0 were modeled in an X-frame
orientation. In this orientation, the tips of the rotors were
I-inch apart from one another. Also, the blades were
modeled with a built-in collective angle of 21 deg at
0.75R and a linear twist of -20 deg.

Table 8 shows the total power required and thrust
generated by the entire Orb quadrotor configuration at
two cruise speeds of 16.4 and 32.8 ft/s. The initial gross
weight for the Orb sub-vehicle was estimated to be 10
Ib. The Orb in the quadrotor configuration with the
current blade geometry demonstrates an average thrust
of approximately 12.4 b, at an RPM of approximately
11,100. Since the Orb vehicle has fixed collective with
RPM control, further study is required to better estimate
the battery, torque, and power requirements.

Table 8. Orb sub-system total power and thrust
performance in forward flight.

Thrust (Ib) Power (hp)
12.04 1.62
12.71 1.63

V=16.4 ft/s
V=32.8 ft/s

CONCLUSIONS AND FUTURE WORK

The work presented herein introduced novel multi-
modular rotorcraft (MMR) technology. The MMR
concept is an aggregate platform that can split into
subsystems of aerial vehicles in multiple configurations.
This capability unlocks various opportunities for the
vehicles to be leveraged for multi-purpose missions.
This paper highlights reference missions where the
MMR technology can be applied and utilized, including
disaster relief and emergency response efforts, package
delivery services, applied science enabling missions,
and missions pertaining to planetary exploration.

Considering the applied science reference mission, this
work presented a concept design and trade study for the
Orb, the smallest subsystem of the MMR, to determine
the feasible rotor size and optimal rotor aerodynamic
performance conducive for mission operation in the
Tanana region in Alaska.

The mission profile for the MMR and Orbs described
considered a preliminary plan of execution for the Orbs’
desired science mission. As the MMR hovers at a
desired elevation from where the Orbs take off, there is
likely to be an effect of the MMR’s rotor wake on the
Orbs. As such, future work will involve additional
performance analyses to ensure that the Orbs are
designed with enough climb power to avoid being
drafted into the downwash and outwash from the MMR.
Additionally, computational fluid dynamics (CFD)
analyses will be performed to investigate the rotor wake
interaction between the MMR and Orbs.

Following the series of rotor sizing and performance
analyses, the results indicated that the 5-bladed rotor
with radius of 3.7 inches and a chord length of 0.8 inches
had the best performance. Each blade has a linear twist
of -20 deg with a built-in collective angle of 21 deg at
0.75R to enhance rotor performance.

Furthermore, future trade studies will optimize the
Orb’s blade geometry further and study the performance
of rotors in different frame configurations such as X-
frame, H-frame, and a hybrid frame. Additionally,
generating airfoil tables for the Orb’s rotor blades,
considering the correct rotor size and corresponding
Reynolds number, will improve the rotor performance
predictions.
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