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25 EXCELLENCE IN SURVIVABILITY:   
BOB GORMLEY 
by Eric Edwards

Few names in the aircraft survivability industry could be more synonymous with the word 
“leader” than that of retired Rear Admiral Robert (Bob) Gormley.  Bob, who passed away in June, 
was a combat-proven aviator, decorated air wing and ship commander, successful business 
manager, long-time advisor on many boards and initiatives, and a steadfast advocate for the 
advancement of the survivability discipline.  In short, Bob was a major force in helping to make 
the industry what it is today.  And it’s altogether appropriate that the National Defense Industrial 
Association’s (NDIA’s) Combat Survivability Division (CSD)—an organization Bob helped establish 
and chair for 16 years—presents its annual leadership award in the name of the man whose 
calm but commanding presence helped guide and grow the community for many years.  
Accordingly, the Joint Aircraft Survivability Program Office would like to posthumously recognize 
Bob Gormley for his longstanding record of Excellence in Survivability.

30 ON THE HORIZON:  LOGISTICS DRONES PROMISE TO 
LIGHTEN THE LOAD OF BATTLE 
by Mark Butkiewicz

Unmanned aerial systems (UASs) of all shapes and sizes seem to be everywhere these 
days, as users continue to find countless new applications in a wide range of industries and 
fields.  And the battlefield is no exception.  These systems—commonly referred to as drones—
are being increasingly used by the U.S. military for everything from intelligence, surveillance, and 
reconnaissance (ISR) to aerial refueling to cargo transport to armed attack.  Recently, the U.S. 
Navy and Marine Corps have been investigating the use of large multirotor aerial platforms that 
can provide the Warfighter with assured battlefield resupply for the “last mile” in a logistics 
hub-and-spoke distribution model.  As such, these platforms require specialized capabilities—
including payload capacities ranging from 50 to 500 lbs—that differ from those of most other 
rotor-driven drones in the skies today.
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AJEM 4.21.2 AND 4.21.2.1 
(PATCH) RELEASED

The Army Combat Capabilities 
Development Command Data & Analysis 
Center (DEVCOM DAC) recently 
announced that it has released version 
4.21.2 and 4.21.2.1 (patch) of the 
Advanced Joint Effectiveness Model 
(AJEM).  Accredited by the Department 
of Defense (DoD) and tri-Service-
approved for ballistic survivability, 
vulnerability, and lethality analyses, 
AJEM is currently used by more than 
600 registered DoD and contractor 
users to support a wide range of 
damage assessment, test and evalua-
tion, and weapon system acquisition 
efforts.  The new capabilities featured 
in version 4.21.2 include improved 
support for assessing cumulative 
damage and time/event-based analysis, 
as well as improved efficiency in the 
verification and accreditation process.  
Likewise, the version 4.21.2.1 patch 
contains notable corrections for 
analyses using ProjPen 3.0 and/or 
FATEPEN fragment threats.

For more information about the model or 
version details, readers are encouraged 
to contact the AJEM Model Manager, 
Ms. Marianne Kunkel, at marianne.
kunkel.civ@mail.mil.  To obtain the 
latest version of AJEM, users should 
contact DSIAC at https://www.dsiac.
org/?models=ajem.

STINGRAY CONDUCTS 
FIRST UNMANNED AERIAL 
REFUELING

In June, the Naval Air Systems 
Command (NAVAIR) announced the first 

ever successful aerial refueling 
operation between a manned receiver 
aircraft and an unmanned tanker.  The 
operation was part of flight testing 
conducted near Mascoutah, IL; and an 
unmanned MQ-25 Stingray was used to 
transfer fuel to a piloted F/A-18 Super 
Hornet using the Navy’s standard 
probe-and-drogue method.

The MQ-25A Stingray is expected to be 
the world’s first operational carrier-
based unmanned aircraft, providing 
critical aerial refueling and intelligence, 
surveillance, and reconnaissance (ISR) 
capabilities.  As such, it will greatly 
expand the operational reach and 
flexibility of the carrier air wing and 
carrier strike group, as well as its overall 
lethality.  Ongoing testing of the MQ-25, 
which is part of the Navy’s Unmanned 
Campaign Framework, will include flight 
envelope expansion, engine testing, and 
deck handling testing aboard aircraft 
carriers.

PFLEDDERER NAMED  
704 TG FLIGHT CHIEF

Ms. Lynne Pfledderer joined the 
Survivability Assessment Flight, 704th 
Test Group, Aerospace Survivability and 
Safety Office (704 TG/OL-AC) at 
Wright-Patterson Air Force Base, OH, as 

the Flight Chief in April 2020, taking 
over the reins after Alex Kurtz’s 
retirement.  The 704 TG/OL-AC is the Air 
Force’s test organization responsible for 
U.S.C. Title 10 Live Fire Testing & 
Evaluation (LFT&E), supporting various 
Air Force program offices, as well as 
LFT&E modeling and simulation and 
vulnerability reduction research, 
development, test, and evaluation 
(RDT&E). 

Ms. Pfledderer comes with a wealth of 
experience in aircraft RDT&E.  Prior to 
joining 704 TG/OL-AC, she was the Chief 
of the Structural Validation Branch in 
the Air Force Research Laboratory 
(AFRL) Aerospace Systems Directorate, 
overseeing experimental structures 
R&D involving thermal, mechanical, 
acoustic, and vibration conditions.   
Ms. Pfledderer also served in a variety 
of technical and leadership positions in 
the AFRL Materials and Manufacturing 
Directorate.  She expanded the Air 
Force’s suite of erosion RDT&E experi-
mental capabilities, forming tthe DoD 
Rotor Blade Working Group and served 

NEWS NOTES by Dale Atkinson  
and Eric Edwards

U.S. Navy Photo

Ms. Lynne Pfledderer
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as the AFRL representative on the Joint 
Turbine Engine Sand Ingestions Working 
Group. 

Ms. Pfledderer holds a B.S. in materials 
science and engineering from Wright 
State University and an M.S. in 
materials engineering from the 
University of Dayton. 

DARPA’S MFP PROGRAM 
SETS ITS SIGHTS ON 
DRONE THREATS

The Defense Advanced Research 
Projects Agency (DARPA) recently 
demonstrated at Eglin Air Force, FL, a 
counter-unmanned air system (C-UAS) 
that can automatically detect, intercept, 
and defeat small enemy drone threats 
flying over U.S. military installations and 
operations.  The low-cost, reusable 
system is part of the Mobile Force 
Protection (MFP) program, which is a 

collaborative effort between DARPA, 
the Department of Homeland Security, 
the U.S. Coast Guard, Dynetics, Saab 
Defense and Security, and SRC.

The MFP C-UAS was primarily designed 
to provide protection for U.S. troop 
convoys and other personnel moving 
through densely populated or sensitive 
areas where explosive defense weap-
ons cannot be safely employed.  As 
shown in Figure 1, the system works by 
employing a newly developed X band 
radar to automatically sense and 
identify enemy drones and then launch 
and guide the appropriate rotary- or 
fixed-wing interceptor to disable the 
drone using one of several types of 
available countermeasures.  These 
countermeasures reportedly include a 
stringy streamer, which the interceptor 
launches into the drone’s propeller to 
foul it, as well as a high-power micro-
wave.  

Figure 1.  MFP Drone Interceptor Launch (Photo 
Courtesy of DARPA).

JCAT CORNER By CW4 Mark Chamberlin, Bart Schmidt, 
and CAPT Joseph Toth

CDIRS

The Joint Combat Assessment Team 
(JCAT) is pleased to report that the 
Combat Damage Incident Reporting 
System (CDIRS), the core application 
where JCAT stores aviation combat 
damage assessment data, will be back 
online this year.  For those not familiar 
with CDIRS, it is a database repository 
that contains incident-related informa-
tion (such as aircraft data, damage 
descriptions, engagement data, crew 
interviews, casualty information, threat 
information, and high-resolution 
images) collected across the globe and 
specifically in theaters of operation 
(such as CENTCOM).
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Once the information is collected, 
analyzed, and assessed by JCAT, final 
reports and raw data are uploaded and 
archived.  In the past, engineers have 
used information found on CDIRS to 
improve current aircraft components, 
validate operational tests, and support 
data analysis of current aircraft 
capabilities and threat trends.  
Additionally, the CDIRS database has 
been used by acquisition programs to 
identify threat trends and gap analysis 
driving future requirements.  Aviation 
procurement organizations, such as 
Future Vertical Lift (FVL) Cross-
Functional Teams (CFT), can use the 
CDIRS database to focus their efforts on 
critical components by analyzing the 
data to reduce the vulnerability and/or 
susceptibility of the aircraft in tomor-
row’s fight by learning from past 
examples. 

In 2017, CDIRS was experiencing Army, 
Air Force, and Navy Secure Internet 
Protocol Router (SIPR) network connec-
tivity issues.  As a result, the Joint 
Aircraft Survivability Program (JASP) 
initiated a project to upgrade the 
system.  The Defense Systems 
Information Analysis Center (DSIAC) 

provided a team to perform the 
necessary software upgrades and 
address security concerns.  Additionally, 
the project moved CDIRS from being 
hosted at Wright-Patterson Air Force 
Base to the National Ground and 
Intelligence Center (NGIC).  The new 
CDIRS platform will enable future 
enhancements to meet the changing 
threat exeperienced by aircraft and 
allow integration with other external 
systems.

After a long journey, which included 
delays introduced by the COVID-19 
pandemic, JCAT (Army/Navy/Air Force) 
users and other agencies that use 
CDIRS for statistical analysis completed 
beta testing over the summer.  In 
August, CDIRS underwent technical 
testing and hardening to comply with 
DoD’s Information Assurance framework 
known as the Security Technical 
Implementation Guide (STIG).  A lot has 
happened since the project started and 
CDIRS was taken offline. When CDIRS 
comes online, JCAT will start updating 
the database with more than 150 
incidents that have occurred over the 
last 4 years.  To expedite the uploading 
of data, a joint effort across all Services 

will be started to ensure that this 
critical information is published as  
soon as possible in CDIRS for other 
organizations to access.

HAIL AND FAREWELL

JCAT Army would like to send a warm 
welcome to Ms. Sarah Roth.  Sarah, 
who is a native of Enterprise, AL (and 
excited to be home), will be taking on 
the overwhelming responsibility of the 
Aviation Survivability Development and 
Tactics (ASDAT) Intel Specialist.  We are 
looking forward to all she has to offer in 
her exciting future.  Sadly, we also must 
wish CW3 Rocky Jensen a heartfelt 
goodbye.  Rocky, an experienced 
AH-64E pilot, was on the team for a 
little over a year as the Apache 
subject-matter expert and has moved on 
to the Screaming Eagles at Fort 
Campbell, KY.  His expertise and 
wisdom will be greatly missed, but we 
wish him well on his next endeavors. 

HEARD ANY 
NEWS?
If you know of a  

community-related event, 

announcement, or other 

news item that you 

would like to submit for 

consideration as a News 

Note, please contact  

Mr. Dale Atkinson at  

daleatk@gmail.com.
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By Kyle Brady

HEL THREATS ARE 
HERE:  ARE WE 
READY?

Seemingly mere moments after the invention of the acronym “L-A-S-E-R” by Gordon Gould in 1957 
and the demonstration of a working ruby laser by Theodore Maiman in 1960, U.S and Soviet 
weapon technologists began exploring the idea of using lasers as a weapon to combat missiles and 
other aerial threats.  Between 1965 and the end of the Cold War, Soviet scientists pursued both gas 
and solid-state laser technologies with the explicit aim of engaging ballistic missiles in their terminal 
stage.  Parallel U.S. research efforts over the same period resulted in the development of numerous 
prototype chemical laser systems with progressively higher output powers, culminating in systems 
such as the megawatt (MW)-class Mid-Infrared Advanced Chemical (MIRACL) laser and other 
powerful systems.  (For more information on these and other laser weapon development programs, 
readers are encouraged to consult Cook [1] or a similar comprehensive history.)

U.S. Navy Photo
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Though the threat of nuclear conflict—
and the commensurate need for 
antiballistic missile defense—waned 
with the fall of the Berlin Wall and the 
subsequent dissolution of the Soviet 
Union in 1991, laser weapon 
development has not abated.  Indeed, 
with the more recent proliferation of 
missile technologies in various conflict 
zones, as well as the genesis of cheap 
and capable commercial-off-the-shelf 
(COTS) drones, laser weapons have 
garnered substantial and increasing 
interest in the defense community.

Recent attacks such as those on the 
Abqaiq refinery [2] have also 
highlighted the limitations of 
traditional air defense tools against 
such asymmetric warfare tactics as 
drone and rocket or missile attacks—
namely, the low cost of implementing 
such attacks relative to the high cost 
of the antiair/missile systems currently 
employed to stop them puts the 
defender at a significant disadvantage.  

But laser weapons offer the potential 
to flip that equation, with estimates of 
the cost to employ such systems as 
low as single-digit dollars per shot.

In recent years, there has been 
significant interest in directed-energy 
weapons (DEWs) in general and 
high-energy lasers (HELs) in particular.  
Systems such as the (estimated) 
30-kW Laser Weapon System (LaWS) 
(shown in Figure 1) have been tested 
against small boat and drone targets 
and integrated on Navy vessels such 
as the USS Ponce for point defense [3].  
Follow-on efforts have also been 
deployed, including the Solid State 
Laser Technology Maturation (SSL-TM) 
laser, which is reported to be in the 
150-kW range and currently in use on 
the USS Portland [3].  

Other planned projects—such as the 
High-Energy Laser with Integrated 
Optical-dazzler and Surveillance 
(HELIOS), which is intended to be 
deployed on an Arleigh Burke-class 
destroyer—are also being prepared 
for integration into shipboard systems 
in short order [4].  Still others, such as 
the Self-Protect High-Energy Laser 
Demonstrator (SHiELD) (shown in 
Figure 2), aim to develop aircraft-
mounted HEL systems as an active 
missile defense system [5].  As these 
integration activities proceed, laser 
power is only expected to increase, 
thus increasing the effective range 
and/or limiting the time required to 
generate damage. 

The United States is, of course, not 
alone in noticing the potential of laser 
weapons.  Though much of what is 
known about ongoing foreign 
development is classified, media 
reports indicate a high level of interest 
from near-peer competitors in the area 
of HELs for multiple applications [5, 6].  
These weapons are purportedly of 

similar powers as current or 
developmental U.S. systems and are 
expected to be employed in a variety 
of critical military roles, including 
anti-access/area-denial (A2/AD), 
terminal defense, counter-unmanned 
aerial vehicle (UAV), counterspace, 
and gray-zone warfare. 

Concern over the growing laser threat 
from adversaries is not just a 
hypothetical exercise.  As evidenced 
by low-energy laser attacks conducted 
in Djibouti in 2018 and similar 
follow-on attacks in the East China 
Sea [7], laser systems are already 
being deployed against U.S. forces to 
harass and deny access.  In the event 
of a wider conflict, more powerful 
laser threats can be expected to form 

Figure 1.  LaWS Laser System Mounted Aboard the USS Ponce in 2014 (U.S. Navy Photo by John Williams).

Estimates of the cost to employ 
laser weapons are as low as 
single-digit dollars per shot.
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an important part of integrated air 
defense systems, adding a completely 
new dimension to missions in highly 
contested airspace.

THE NATURE OF THE 
THREAT

As a group, DEWs—including both 
high-power microwave (HPM) and HEL 
weapons—pose fundamentally 
different survivability problems 
compared to traditional kinetic energy 
(KE) weapons, such as missiles, 
antiaircraft artillery (AAA), and other 
projectile-based threats.  The 
underlying physics associated with a 
KE threat are primarily mechanical in 
origin:  severance, mechanical 
deformation, buckling, shearing/
mechanical material removal, etc.  
With HELs, however, damage is 
caused instead by thermal 
mechanisms, including melting, 
sublimation, and combustion/oxidation.  
As a result, the damage prediction 
tools developed for modeling KE 
threats have little to no direct 
applicability to HEL weapons.

Moreover, with high-quality electro-
optical/infrared (EO/IR) and beam 
director systems typical of HEL 

weapons, these systems are 
trainable—that is, they can be 
directed at specific areas on a target 
to generate the desired end effect—
and redirectable in real-time during 
lasing.  In contrast, KE-based weapon 
effects are largely stochastic in 
nature; once the weapon is fired, there 
is little to no ability to control how the 
weapon interacts with the target.  The 
result is that the nature of the analysis 
changes from one of probabilities—
identifying the likelihood that a bullet 
or fragment trajectory of sufficient 
mass/velocity will intersect with a 
given component—to one of 
time-to-effect.

While this distinction may seem minor, 
from a modeling and simulation (M&S) 
perspective the difference entails a 
fundamentally different solution 
approach.  KE weapon damage 
vulnerabilities may be modeled as a 
discrete, probabilistic event that is 
essentially independent of time, with 
damage determined from the spatial 
overlap of a threat function and the 
target geometry.  However, HEL-
induced damage accumulates over 
time and is thus subject to any number 
of time-dependent processes, such as 
heat transfer, relative motion between 
weapon and target, changing 
transmission medium or beam 
properties, changing target absorptive 
properties, and more, requiring a 

solution method that estimates 
damage at every time-step.  Damage 
potential is therefore limited not by a 
static relationship between the threat 
function and target but by the overall 
engagement time, a quantity that 
changes dynamically based upon the 
specific nature of an engagement.  Put 
another way, the addition of time 
dependence blurs the line between 
the traditional definitions of 
susceptibility—the inability of a 
platform to avoid a particular threat—
and vulnerability—the inability to 
withstand a threat.  

THE NEED FOR PRACTICAL 
M&S TOOLS

Given the tight threat-target coupling 
involved in determining HEL 
vulnerability, there is a manifest need 
for end-to-end simulation tools that 
can accurately and efficiently model 
an entire engagement, from detection 
though endgame.  This need is felt at 
all levels of the defense community.  
Research and development 
organizations must understand the 
nature of the threat and the impact of 
survivability and lethality technologies 
for their efforts to be effective.  The 
acquisition community must 
understand the functional effects of 
technologies and have methods to 
generate a cost-benefit analysis to 
make informed decisions on 
requirements for current and future 
platforms.  The operational community 
must understand how these weapons 
and platforms interact under real-
world conditions to make decisions on 
how best to mitigate their effects and/
or most effectively employ their own 
systems.

Answering these kinds of questions is, 
of course, predicated on the ability to 
efficiently and confidently model HEL 

Laser threats can be expected to 
form an important part of 

integrated air defense systems, 
adding a completely new  

dimension to missions in highly 
contested airspace.

Figure 2.  Ground-Based Demonstrator for the 
SHiELD Program (Courtesy of the U.S. Air Force).
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threats at engineering, engagement, 
and mission levels with rigorously 
test-validated codes.  The generation 
of such overarching M&S tools is 
predicated on the development of HEL 
damage models capable of accurately 
and efficiently predicting component- 
and platform-level effects over time 
from a given laser engagement.  In and 
of itself, the breadth of the damage 
mechanisms and underlying physics 
involved makes this a challenging 
problem, and one in which much of the 
physics relevant to traditional KE 
threats does not apply.

At its most basic level, HEL damage is 
a thermal effect, with the type and 
rate of damage defined by how the 
laser energy interacts and couples 
with a material surface.  For example, 
upon illuminating an outer mold line 
(OML) surface (illustrated in Figure 3), 
the power of a beam of a given 
wavelength will be absorbed at, 
transmitted through, or reflected off 
the surface based upon the optical 
properties of the surface materials in 

question.  These properties are not 
necessarily static; the relative 
proportions of transmitted, absorbed, 
and reflected energy may change 
dramatically as a surface is heated 
due to changes in the laser 
wavelength absorption coefficient.

As absorbed energy raises the 
temperature of the material substrate, 
heat transfer mechanisms—including 
conduction, convection, and 
radiation—become important in 
different proportions based upon the 
underlying material properties, 
physical dimensions, and other 
conditions around the illuminating 
spot.  Erosion of the material—
ultimately resulting in 
penetration—may be dictated by any 
number of processes, including 
melting, oxidation, sublimation, 
mechanical failure, and often a 
complex combination of several 
processes acting in parallel.  Once a 
surface is penetrated—or even prior 
to penetration depending on the heat 
transfer modes—the laser then 

interacts in complex ways with any of 
a number of internal components, 
generating a multitude of potential 
failure modes, ranging from electrical 
shorts and signal loss to dry bay fires.

Outcomes are ultimately dependent 
upon the components illuminated, the 
power and energy deposited on the 
components, the materials and design 
of the components, and much more.  
As should be evident from the 
foregoing discussion, predicting the 
outcome of an HEL engagement 
rapidly becomes a highly complex, 
multiscale, multiphysics, time-based 
problem that must be approached 
differently than traditional KE threats 
and their more “immediate” damage 
mechanisms and effects.

STATE OF THE ART IN HEL 
M&S 

Addressing this simulation challenge is 
further constrained by the 
computational demands associated 

Figure 3.  Various Physical Features and Processes Impacting Material Penetration and Thermal Transfer Associated With HEL Engagements of a Platform OML.
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with defining platform-level 
vulnerabilities.  Defining system 
vulnerabilities typically requires 
thousands of individual laser “shots” 
at various aimpoints, approach angles, 
standoffs, and mission engagement 
scenarios.  As a result, despite the 
physical complexities associated with 
any individual shot, the runtime must 
be severely constrained to make the 
overall computation tractable.  
Optimizing a balance between the 
competing needs of accuracy and 
speed therefore becomes of 
paramount importance to successful 
modeling approaches for HEL 
survivability.

Several codes of varying detail and 
fidelity exist for the modeling of HEL 
interactions with materials.  At the 
highest level of fidelity, finite element 
codes such as ALE-3D are capable of 
solving complex, multiphysics 
problems, including heat flow, 
multiphase flow, chemical kinetics, 
and more.  However, two limitations 
exist for such detailed modeling 
efforts.

First and foremost, modeling the 
underlying physics—and using a 
computational mesh sufficiently fine to 
solve such problems—is inherently 
time-consuming.  For all but one-off 
specialized uses, or as a basis upon 
which to build engineering models, 
such approaches cannot meet the 
historical runtime criteria for platform-
level survivability modeling.  Second, 
these approaches rely upon an 
accurate subgrid-scale model of the 
important physics, and a detailed 
understanding of boundary conditions 
to be reasonably predictive.  In 
practice, much survivability-relevant 
testing must, of necessity, be 
performed under conditions that do 

not conform to idealized laboratory 
conditions, making the experimental 
validation of these models challenging.

On the opposite end of the spectrum, 
engineering-level HEL penetration 
tools currently in use are able to 
reasonably match experimental 
material penetration data under some 
conditions, reducing the problem to 
one-dimensional heat transfer or 
explicitly setting the relationships 
between irradiance and material 
erosion rate.  These kinds of reduced-
order approaches yield fast, readily 
scalable models appropriate for 
platform evaluations.  However, the 
former operation mode relies upon 
accurate prediction of material 
temperature—which may be 
influenced heavily by the degree and 
nature of power coupling at the 
material surface—while the latter 
mode is wholly dependent upon 
experimentally derived material 
erosion rates—which may be overly 
deterministic and unable to account for 
conditions outside of those tested in 
the experimental validation dataset.  
Both cases ultimately rely on 
extensive, high-quality, detailed test 
data to produce models with 
reasonable fidelity, and it is an 
ongoing challenge for these models to 
capture changing erosion behavior as 

a function of changing boundary 
conditions.

Left unaddressed in the preceding 
discussion, however, is the reality that 
material penetration itself is not 
generally a primary driver of system 
failure; system damage ultimately 
results from loss of function of internal 
components.  While penetration of 
materials is often a prerequisite, 
failures of interest to lethality or 
vulnerability of a platform result from 
functional losses that adversely 
impact the ability to continue a 
mission or flight.  As a result, in most 
cases the primary items of concern 
can be internal components, such as 
flight controls, fuel systems, avionics, 
sensors, etc., whose failure modes 
and damage mechanisms involve a 
great deal more physical complexity 
than solely material erosion.

An important example includes the 
ignition of an onboard fire due to HEL 
engagement of a fuel storage or 
conveyance component.  In addition to 
the aforementioned complexities 
associated with material penetration, 
simulating ignition and fire requires a 
model that captures—at some fidelity 
level—the physics of the fluid release 
(leakage, rupture, atomization, etc.), 
fuel vaporization, heat and mass 
transport, and chemical kinetics.  
Accurate modeling of the combustion 
process is in itself an active and 
ongoing research topic that does not 
easily lend itself to rapid solutions; 
beyond its inherently multi-phase 
nature, prediction of limit phenomena 
such as ignition relies on highly 
coupled, “computationally stiff” 
chemical kinetic models that far 
exceed the computing limits imposed 
on a practical platform-level 
survivability tool.

Optimizing a balance between 
the competing needs of  

accuracy and speed becomes  
of paramount importance to 

successful modeling approaches 
for HEL survivability.
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Moreover, relevant experimental 
validation datasets for HEL-generated 
fires are few and far between, and 
they often focus on platform-level end 
effects rather than the underlying 
damage mechanisms, phenomenology, 
and limits.  While these datasets are 
useful qualitatively, more detailed, 
research-oriented data are needed to 
support model development for 
survivability purposes.  

Another informative example is the 
response of electronic components, 
whose HEL damage modes can include 
electrical shorting, thermal overload, 
and erroneous feedback in addition to 
complete output failure.  While a 
penetration model may determine 
when a housing material becomes 
compromised, it is far from obvious 
how to determine which failure mode 
is likely, and at what laser powers and 
over what time periods.  As with 
ignition and fire model development, 
detailed testing focused on actual—
and functioning, wherever 
possible—components is critical to 
evaluating the various potential 
damage mechanisms and assigning 
reasonable, probability-based damage 
prediction curves to support 
survivability analysis.

One ongoing effort to begin 
addressing these modeling and testing 
deficiencies is the Test Resource 
Management Center-funded and 
PEO-STRI-managed Modeling and 
Simulation of Blue Aircraft 
Survivability to HEL Irradiation (MSAS) 
program.  MSAS is a multiyear testing 
and model development effort, led by 
the SURVICE Engineering Company, 
aimed at generating fast-running and 
experimentally validated engineering-
level modeling tools to support 
survivability analysis of HEL 

engagements on U.S. aerial systems 
(such as shown in the example in 
Figure 4).  An overview of the data and 
modeling tools generated by this effort 
will be shared in a future article.

FAILING TO PLAN IS 
PLANNING TO FAIL

The risk to U.S. weapons systems from 
HEL threats is real.  In fact, for some 
applications it is already here, with 
existing lasers powerful enough to 
dazzle and blind already deployed 
against military personnel and 
materiel worldwide.  Though more 
powerful weapons capable of more 
substantive damage remain largely in 
the testing and development stage, 
the overt progress of both domestic 
and adversary weapon programs 
indicates that the day is rapidly 
approaching where such weapons will 
form a real and ubiquitous threat to 
aerial systems.

Moreover, laser weapons are a 
fundamentally different threat than 
traditional ballistic threats, and the 
technologies and design strategies 
developed to protect against KE 
weapons are unlikely to have 
significant relevance when applied to 
a speed-of-light, thermal-damage 
threat.  Accordingly, HEL vulnerability 
requirements and reduction methods 
cannot be considered a “nice-to-have”; 
they must be an integral part of any 
military system expected to function 
in contested environments.  As new 
acquisition programs are developed, 
HEL vulnerability needs to be 
considered an integral part of system 
survivability from the start and built in 
at the initial design stage.  Specific 
requirements will thus be needed for 
platforms and critical subsystems, and 
M&S tools must be built to ensure that 
research, acquisition, and operations 
in this area are informed by the best 
available data.

Figure 4.  Example Model of an HEL Beam Engaging a Generic UAV.
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After decades of development, 
practical laser weapons are now upon 
us.  The only remaining question is 
whether we are ready to respond.  
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Moreover, recent international activity 
includes plans to develop a joint 
Chinese-Russian base at the lunar 
south pole in the 2036–2045 time 
frame [1], China’s Chang’e-5 lunar 
sample-return mission in 2020 [2], 
Israel’s attempted lunar surface 
mission in 2019 [3], and China’s 
Chang’e-4 far-side lunar mission in 
2018.  Of particular note, the 
Chang’e-4 mission was accompanied 
by the Queqiao communications relay 
satellite orbiting the L2 Earth-Moon 
Lagrange point [4].  Most likely then, 
international missions in cislunar 
space will increase throughout the 
2020s, with a likewise increase in the 
number of spacecraft operating in this 
region as scientific exploration 
expands, space system technology 
evolves, and the lunar economy 
emerges and develops.

Most people are familiar with terms 
such as “low Earth orbit” and “geosta-
tionary orbit,” but what exactly is 

“cislunar”?  Measured in hundreds of 
thousands of kilometers, the term 
represents the toroidal volume of 
space extending from approximately 
twice the geosynchronous altitude to 
orbits that extend beyond the average 
Earth-Moon distance.  This altitude 
includes the Earth-Moon Lagrange 
points, a series of stable and unstable 
locations generated within a multi-
body gravitational field.

Unlike near-Earth space, the cislunar 
domain features unique challenges to 
space operations related to the spatial 
magnitude and weather consider-
ations of the environment.  
Furthermore, as cislunar space 
becomes increasingly competitive, 
congested, and contested in the 
coming decades, the pursuance of 
sustained cislunar space operations 
will necessitate a renewed examina-
tion of spacecraft survivability and the 
capability of spacecraft to avoid and/
or withstand the natural and man-
made environmental risks posed by 
this “new,” ultimate high ground.

This article is the first in a two-part 
series provided to help readers better 
understand spacecraft survivability in 
cislunar space.  Presented here is 
emerging research into spacecraft 
mission risk with respect to space 

debris propagation and kinetic impact.  
The second part, which will be 
published in a future issue of Aircraft 
Survivability, will discuss emerging 
research into the solar-induced 
environmental phenomena of space-
craft charging. 

NEW OPPORTUNITIES 
AND NEW RISKS

The U.S. Air Force (USAF) has increas-
ingly expressed interest in the 
strategic opportunities presented by 
space between the Earth and the 
Moon.  This space, known as cislunar 
space, offers to serve as a new “high 
ground” for space operations, allowing 
a positional and logistic advantage 
over other space-based assets.  That 
said, with new opportunities also 
come new risks.  As more spacecraft 
operate in cislunar space, a cata-
strophic spacecraft mishap in this 
region becomes more likely, with each 
mishap generating a significant 
number of debris fragments.

Many studies have investigated the 
threat of debris events in lower Earth 
orbits. These concerns have grown 
with recent anti-satellite (ASAT) tests 
performed by China in 2007 [5] and by 
India in 2019 [6], which generated 
debris clouds that continue to threaten 
other spacecraft.  Several satellites 
have also suffered failures that led to 

Although the reality of routine travel and sustained operations and habitation in space likely 
remains several decades away, the building blocks of space exploration and space system 
development necessary to realize this reality are currently being laid by peer, near-peer, and 
emerging space-faring nations.  Traditionally, global space operations were notionally limited to 
near-Earth space, with mission altitudes extending to geosynchronous or even highly elliptical 
orbits.  During the 2010s, however, space operations began moving beyond this paradigm to 
encompass cislunar space with reinvigorated U.S. initiatives to return to the Moon via the 
Artemis program, planned commercial space projects, and an accelerated international push 
toward further lunar exploration.

The term “cislunar” represents 

the toroidal volume of space 

extending from approximately 

twice the geosynchronous 

altitude to orbits that extend 

beyond the average Earth-Moon 

distance.
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breakup events, including the National 
Oceanic and Atmospheric 
Administration (NOAA) 16 weather 
satellite in 2015, the U.S. Air Force’s 
Defense Meteorological Satellite 
Program (DMSP) satellite in 2016, and 
the Japanese Hitomi spacecraft in 
2016 [7].  The 2009 collision of Cosmos 
2251 and Iridium 33 also created two 
large fragment clouds [7]. These 
fragmentation events could lead to a 
cascading series of collisions, eventu-
ally leaving certain orbits so full of 
debris that they are unusable, a 
phenomenon known as “Kessler 
Syndrome” [8].  

While the threat of debris in orbits 
near Earth has been heavily studied, 
few prior studies have investigated 
the effects of a debris event in cislunar 
space.  A catastrophic spacecraft 
mishap in cislunar space could pose 
risks to other operational spacecraft 
by creating a cloud of debris particles 
that intersect much lower orbits.  
Debris particles produced by a 
catastrophic spacecraft mishap could 
also begin to “pool” in certain stable 
orbits in cislunar space, potentially 
creating significant debris hazards 
there.  Furthermore, the lack of 
atmospheric drag in cislunar space 
could lead to debris that remains in 
space indefinitely, potentially creating 
a permanent threat to cislunar 
spacecraft. 

METHODOLOGY

In support of the study of potentially 
damaging cislunar debris effects, 
there are four main aspects of debris 
simulations:  the trajectory generation 
model, the reference trajectories for 
the notional spacecraft, the param-
eters of the catastrophic spacecraft 
mishap, and the spacecraft survivabil-
ity models.  The models used for each 

component of the simulation are 
discussed in turn in the following 
paragraphs.  

Circular Restricted Three-Body 
Problem (CR3BP)

The CR3BP may be used to model the 
motion of a spacecraft of negligible 
mass moving in the Earth-Moon 
gravitational system, assuming that 
the Earth and Moon move in coplanar 
circular orbits about their barycenter 
with a constant angular velocity.  The 
equations of motion are given in the 
coordinates of the Earth-Moon 
barycentric rotating reference frame 
shown in Figure 1.

The nondimensionalized, second-order 
equations of motion in the rotating 
reference frame of the CR3BP are 
expressed as the following:  

 
   (1) 
 ,

 , (2)

and

 , (3)

where

 , (4)

 , (5)

and the value of the dimensionless 
parameter μ is 0.01215.  The CR3BP 
employs canonical units rather than 
standard dimensional units due to the 
scale of astronomical motion in the 
Earth-Moon system.  As a result, the 
Distance Unit (DU) is defined as the 
distance between the Earth and the 
Moon, or 384,400 km.  Likewise, the 
Time Unit (TU) is defined as the time 
for the system to complete one 2π 
orbit, or 375,190 s [9].  Equilibrium 
points in the CR3BP are computed by 
first setting the accelerations and 
velocities in equations 1–3 equal to 
zero.  Solving for the positions based 
on this zero-condition gives the five 
Lagrange points shown in Figure 2 and 
the accompanying two-dimensional 
coordinates for these points in Table 1. 

Bi-Circular Restricted Four-Body 
Problem (BCR4BP)

Although the CR3BP provides signifi-
cant insight into the dynamics of the 
Earth-Moon system, a model incorpo-
rating the gravitational influence of 
the Sun is preferable for long-term 

Figure 1.  Earth-Moon-Spacecraft System in a Barycentric Rotating Frame.
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trajectory modeling.  The BCR4BP is 
an extension of the CR3BP, which 
includes solar gravity and assumes 
that the Earth and Moon move in 
circular orbits about their barycenter.  
The barycenter itself revolves in a 
circular orbit about the Sun-Earth-
Moon barycenter, with all orbits 
assumed to be coplanar in geometry.  
A diagram of the BCR4BP is shown in 
Figure 3. 

The second-order nondimensional 
equations of motion of the BCR4BP in 
the Earth-Moon rotating frame are as 
follows: 

  
  (6)

 ,

 
  (7)
 ,

and

 
  (8)
 .

The angular velocity of the system 
about the Sun-Earth-Moon barycenter, 
ω1, is given by the following 
expression: 

 . (9)

With respect to the Sun-Earth-Moon 
barycenter, the coordinates of the Sun 
are computed by 

 ,

and (10)
 ,

with the distance from the Sun to the 
particle given by

. (11)

The distances to the Earth and Moon 
are given in equations 4 and 5, 
respectively.

Catastrophic Mishap Model

The NOAA 16 satellite battery 
explosion was used as the model for 
the spacecraft catastrophic mishaps 
[10].  The two parameters of interest 
in the simulation are the mass 
distribution of particles released in the 
explosion and the change in velocity 
(ΔV) given to each particle by the 
explosion.  The particle masses 
generated in the explosion were 
modelled by fitting a lognormal 
probability distribution to the observed 
mass distribution in the NOAA 16 
explosion, then selecting random 
numbers from this distribution to 
assign each particle mass.  The NOAA 
16 explosion mass histogram, with the 
lognormal probability distribution 
overlaid, is shown in Figure 4.  In the 
simulation, particle masses were 
selected randomly from the lognormal 
distribution until the combined mass of 
the particles matched the mass of the 
original NOAA 16 satellite of 1,457 kg.  
Therefore, the total number of par-
ticles simulated is random and 
changes with each simulation. 

Figure 3.  BCR4BP Coordinate Frames.

Figure 2.  Equilibrium Points in the Earth-Moon System (CR3BP).

Lagrange Point x Position (DU) y Position (DU)

L1 0.836915121142416 0

L2 1.155682169063843 0

L3 -1.005062646202315 0

L4 0.487849413449431 0.866025403784439

L5 0.487849413449431 -0.866025403784439

Table 1.  Coordinates of the Earth-Moon Lagrange Points
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Particle ΔV was determined from the 
particle mass using the average 
kinetic energy given to particles by the 
NOAA 16 explosion.  All particles are 
assumed to be given the same kinetic 
energy by the explosion, and the 
explosion is assumed to be omnidirec-
tional.  These assumptions produce 
simulated explosion velocity vectors 
such as those shown in Figure 5. 

Spacecraft Survivability Model

A method for determining the surviv-
ability of a spacecraft in a cloud of 
particles is the Poisson approach 
shown by Ball [11], wherein the 
number of hits to the spacecraft is a 
random variable, with an expected 
number of hits E.  If the cloud of 
debris fragments is treated as a spray 
of M penetrators within a volume VS, 
then the penetrator spray density ρ is 

 , (12)

where VS is the volume of a spherical 
“danger zone” surrounding the space-
craft, within which the particle density 
is calculated.  For the present research, 
this danger zone has a radius of  
10,000 km.  Once ρ has been calculated 
through debris propagation modeling, 
the expected number of hits on a 
spacecraft’s “hazard zone,” considered 
to have a volume of VHZ, is given by 

 . (13)

As in the spacecraft fragmentation 
study by Bettinger and Hess [12], VHZ 
defines a sphere around the space-
craft such that any particle that enters 
this volume is considered to have hit 
the spacecraft.  The hazard zone is like 
an error ellipsoid around the space-
craft and avoids numerical precision 
issues related to determining the exact 
locations of the spacecraft and debris 
particles at cislunar scales.  For the 
present research, the hazard zone has 
a radius of 500 m. 

With a probability of kill given a hit of 
PK|H, or the probability that a particle 
will destroy the spacecraft given that it 
strikes it, the instantaneous probability  
of system hazard is given by 

 . (14)

This is the result of the spacecraft 
survivability study.  For each simula-
tion, the value of PHZ is tracked over 
time.  The total probability of hazard 
during a time interval t0 to tf is the 
area under the PHZ curve with respect 
to time: 

 . (15)

Figure 4.  Particle Mass Histogram (in Blue) With Fitted Probability Distribution (in Orange).

Figure 5.  Example Simulated Explosion Velocity Vectors.
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Probability of Kill With a Hit

As shown in equation 14, the probabil-
ity of hazard PHZ depends on the 
chosen probability of kill with a hit 
PK|H .  For this research, two separate 
models are applied to calculate the 
PK|H.  First, a simplified model that 
includes only particle mass as a factor 
in determining PK|H is presented.  
Second, a more robust model that 
includes both particle mass and 
velocity is developed using ballistic 
limit equations for spacecraft shields.  
Both models are used to calculate 
survivability in this research, and the 
PHZ results for each model are 
compared.  

Once the particle masses have been 
determined through the spacecraft 
catastrophic mishap model, PK|H can 
be determined based on the severity 
of damage impacts from particles of 
those masses are likely to cause to a 
spacecraft.  The first PK|H model uses 
a variable PK|H that depends on 
particle mass.  A logistic curve was 
used to model the dependence of the 

PK|H on the mass of particles.  Logistic 
curves are often used to measure 
vulnerabilities in other applications, 
including the likelihood of bridge 
collapse in earthquakes of varying 
magnitudes [13, 14].  Studies of the 
damage to spacecraft caused by 
particle impacts of various sizes, such 
as that by Elvidge [15] can aid in 
determining the parameters of the 
logistic curve for the present research.  
The assumed model for the logistic 
curve for PK|H is shown in Figure 6.  
The equation for this logistic curve is 

, (16)

where m is particle mass and values 
chosen for the parameters A, B, C, K, 
Q, and v are given in Table 2. 

RESULTS:  CISLUNAR 
DEBRIS CASE STUDIES

The following sections provide 
highlights of the results of the cislunar 
debris case studies simulated through 
this research effort.  Each case study 
examines a catastrophic spacecraft 

mishap in a particular pre-explosion 
trajectory.  The effects of the mishap 
are analyzed in terms of the trajecto-
ries of the resulting debris particles 
and the threats to one or more 
notional spacecraft operating else-
where in cislunar space, with risks 
quantified using the Poisson survivabil-
ity model.  The four case studies 
presented include simulation of 
catastrophic mishaps at the collinear 
Earth-Moon Lagrange points L1 and 
L2, during an Apollo-like transfer, at 
the stable Earth-Moon Lagrange 
points L4 and L5, and in lunar orbit.

Explosions at the Collinear 
Lagrange Points L1 and L2

Several recent missions in cislunar 
space have sought to use the collinear 
Earth-Moon Lagrange points to 
complete their missions.  For example, 
China’s recent Chang’e-4 far-side lunar 
lander was accompanied by the 
Queqiao relay satellite orbiting the 
Earth-Moon L2 Lagrange point [1].  The 
L2 point is an appealing location for 
communications spacecraft because it 
enables constant communication with 
both the far side of the Moon and the 
Earth.  The manned Lunar Orbital 
Platform-Gateway (LOP-G, or 
Gateway) station will also use the 
dynamics of the Earth-Moon Lagrange 
points when it becomes operational.  
The Gateway is a crucial part of 
NASA’s Artemis program to return 
humans to the Moon and will use a 

Table 2.  Logistic Curve Parameters

Parameter Value

A 0

B 3

C 1

K 1

Q 0.1

v 0.05

Figure 6.  Logistic Curve Model for Probability of Kill With Hit.
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Near Rectilinear Halo Orbit (NRHO) to 
enable exploration of the Moon.  
NRHOs are families of halo orbits 
about the L1 and L2 Lagrange points 
that are nearly stable, enable constant 
communication with the Earth, and 
pass close to the Moon [16].

In this case study, explosions were 
simulated at the L1 and L2 Lagrange 
points; and the resulting risks to the 
Lunar Gateway, spacecraft at L1 or L2, 
and a spacecraft conducting a transfer 

to the Moon were analyzed.  The 
results of this case study are summa-
rized in Tables 3 and 4.  The transfer 
simulation runs were conducted for 
the duration of the transfer from the 
Earth to the Moon, while the other 
simulations lasted 50 days. 

This case study showed risks to other 
regions of cislunar space due to debris 
that fills the L1 manifold and moves 
toward the Earth or Moon.  The L1 
manifold acts as a sort of “highway” 

that transports objects to and from the 
L1 point and lunar region; and in this 
case study, debris circulated through 
the L1 manifold throughout the 
simulations.  Compared to a cata-
strophic spacecraft mishap at L2, a 
mishap at L1 created more risk to lunar 
spacecraft, such as the NASA’s 
planned Lunar Gateway space station, 
due to the significant number of 
particles that move toward the lunar 
region following the mishap.  Although 
the risks to other notional cislunar 
spacecraft are low in each case, the 
debris following a mishap at either L1 
or L2 would circulate cislunar space 
indefinitely due to the lack of atmo-
spheric drag, thus potentially creating 
long-term debris hazards. 

Mishap During an Apollo-Like 
Transfer

One spacecraft mishap has already 
occurred in cislunar space, namely the 
explosion on the Apollo 13 spacecraft.  
The next case study analyzed in this 
research sought to determine if a 
significant debris-generating event 
during an Earth-Moon transfer would 
pose any risk to spacecraft near Earth 
if it occurred today.  The results of this 
case study in terms of the number of 
debris particles that end the 50-day 
simulation with a perigee within 
geostationary (GEO) altitude, or  
 35,786 km, are summarized in Table 5.  
Note that the survivability model was 
not applied for this case study to 
instead focus on risks to the crowded 
environments near Earth.

Of the case studies examined in this 
research, a catastrophic spacecraft 
mishap during an Apollo-like transfer 
results in the greatest risk to space-
craft near Earth, with hundreds of 
debris particles coming within 
geosynchronous altitude at high 
relative velocities during each perigee 

Notional Spacecraft Location(s) Run Number
Closest 

Approach 
(km)

Probability 
of Hazard

1 480 3.987e-10%

2 451 3.717e-10%

3 808 2.728e-10%

4 480 1.701e-10%

L2 1 1,655 4.401e-11%

Transferring along L1 Manifold 1 620 6.783e-10%

Table 4.  Results for a Mishap at L1

Notional Spacecraft Location(s) Run Number
Closest 

Approach 
(km)

Probability 
of Hazard

1 1,435 5.314e-11%

2 1,193 5.808e-11%

3 1,295 7.455e-11%

4 1,095 9.221e-11%

L1 1 161 1.218e-9%

Transferring along L1 Manifold 1 1,425 2.937e-11%

Table 3.  Results for a Mishap at L2
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passage.  The particles would likely 
remain in space for a long time (much 
longer than the 50-day simulation) due 
to their high apogees that would decay 
slowly due to atmospheric drag.  
Therefore, this type of debris event 
may be the most concerning of the 
case studies due to the potential for 
long-term risks to crowded orbits near 
Earth.

Mishap at the Stable Earth-Moon 
Lagrange Points

The Earth-Moon Lagrange points L4 
and L5 are stable in the restricted 
three-body problem, and studies have 
suggested that natural debris can 
accumulate at these points [17–18].  
Thus, artificial debris accumulation at 
L4 and L5 could become problematic if 
these points become crowded in the 
future.  Although no spacecraft 
currently operate at L4 and L5, these 
points have many potential uses due 
to their stability and high visibility over 
the rest of the cislunar region.  This 
case study analyzed the risk that could 
be posed from spacecraft explosions 
at L4 and L5 to another spacecraft at 
L4 and L5.  The results of this case 
study are summarized in Table 6.  The 
simulation was run for 1 year. 

This case study demonstrated that 
catastrophic spacecraft mishaps at L4 
and L5 would pose some risk to other 
spacecraft operating at those points.  
L4 and L5 could be an appealing 
location for future spacecraft due to 
their stability, but much of the debris 
from a catastrophic spacecraft mishap 
at either point would be also stable at 
those points for at least a year 
following the explosion.  This fact 
results in a much higher probability of 
hazard to the notional spacecraft than 
any prior simulation runs.  Debris 
circulating these points would also 
likely be difficult to track from Earth 
due to the great distance, making it 
difficult to maneuver a spacecraft to 
avoid debris.  However, as with the 
other case studies, the risk is still low, 
and debris would only become 
problematic if these points become 
more crowded in the future or if 
repeated mishaps occur. 

Mishap in Lunar Orbit

The final artificial debris case study 
analyzes threats from debris following 
a catastrophic spacecraft mishap in 
lunar orbit.  Greater numbers of 
spacecraft may begin to operate in 
lunar orbit to support lunar exploration 
and colonization in the coming years, 
thus increasing the need to study the 
risks resulting from a catastrophic 
spacecraft mishap.  An improved 
understanding of the risks from 
artificial debris in lunar orbit enables 
an understanding of the possible 
importance of proper debris manage-
ment techniques in the lunar 
environment.  Depending on the risks 
from artificial debris in lunar orbit, 
disposal strategies such as those used 
at end-of-life phases for Earth-orbiting 
spacecraft may be necessary for 
spacecraft orbiting the Moon. 

The results of the lunar orbit debris 
case study are summarized in Table 7.  
Prior to the explosion, the spacecraft 
that explodes is in a 110-km circular 
lunar orbit much like the one used by 
the Apollo missions.  These simula-
tions were all run for 1 day following 
the explosion, and the notional 
spacecraft is another spacecraft in  

Run
Closest Approach to 
Notional Spacecraft

(km)
Total PHZ

L4 270 6.377e-8%

L5 462 4.314e-8%

Table 6.  Survivability Results for Spacecraft at  
L4/L5, Stable Lagrange Point Simulations

Run Locations Run Mishap Time 
(Days)

Number of Particles With Final 
Perigee Within GEO Altitude

1 0.25 655

2 1.00 657

3 2.00 566

4 2.97 657

5 4.00 630

6 5.00 364

7 5.49 156

Table 5.  Number of Particles With Perigee Within GEO Altitude, Apollo-Like Transfer Simulations
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the same orbit located at the Run 1 
position at the start of the simulation.

A mishap in lunar orbit resulted in far 
greater threats to a notional space-
craft operating in the vicinity of the 
mishap than any of the other debris 
case studies examined in this research.  
The gravity well of the Moon causes 
the debris to remain within a small 
region following the catastrophic 
mishap, within which it can continue 
to threaten the notional spacecraft.  In 
the other cislunar case studies, the 
debris expanded to fill much greater 
volumes immediately following the 
explosion.  Lunar mishaps could create 
even more risk to a particular space-
craft than mishaps in near-Earth 
environments due to the smaller size 
of orbits around the Moon, which 
could give more opportunities for close 
approaches.  The debris may also last 
longer in orbit due to the lack of 
atmospheric drag around the Moon.  
Future studies could use a more robust 
lunar trajectory model to analyze a 
variety of lunar catastrophic mishap 
scenarios over longer time periods to 
further quantify the risk of such events. 

GENERAL ANALYSIS

Each case study analyzed in this 
research resulted in unique risks to 
other cislunar spacecraft.  Mishaps at 
the collinear Lagrange points and at 
the stable Lagrange points resulted in 
slight risks to other cislunar spacecraft, 
a mishap during an Apollo-like transfer 
would pose the greatest risk to 
currently operational spacecraft near 
Earth, and a mishap in lunar orbit 
would pose significant risks to another 
spacecraft operating at the same lunar 
orbital altitude.  Although these risks 
are generally low, the longevity of 
debris, difficulties tracking debris in 
cislunar space, and the potential 
hazards to other spacecraft mean that 

care should be taken in future cislunar 
space missions to avoid generating 
significant amounts of debris in this 
region. 

SURVIVABILITY 
ASSESSMENT

In terms of spacecraft survivability, 
significant debris-generating events  
in cislunar space could reduce the 
chances that a threatened spacecraft 
will be able to maintain mission 
functionality.  The assessment of  
this ability requires analyzing the 
traditional, overlapping (and  
interdependent) aspects of  
survivability—namely, susceptibility, 
vulnerability, and recoverability 
(illustrated in Figure 7).  Susceptibility 

Figure 7.  Survivability Venn Diagram.

Future studies could use a more 

robust lunar trajectory model to 

analyze a variety of lunar cata-

strophic mishap scenarios over 

longer time periods to further 

quantify the risk of such events. 

Run Locations Run Number Closest Approach to Notional 
Spacecraft (km)

Total PHZ

1 0.182 2.993e-3%

2 0.933 3.717e-4%

3 0.803 1.845e-4%

4 1.420 3.505e-4%

Table 7.  Survivability Results for a Spacecraft in Lunar Orbit, Mishap in Lunar Orbit Simulations
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analysis focuses on the threat and its 
ability to harm the space system.  
Vulnerability analysis relates to a 
spacecraft’s ability to “survive” the 
threats’ intended effects.  And 
recoverability analysis focuses on the 
spacecraft’s (and its operators’) ability, 
following damage from a threat 
system, to take emergency action to 
prevent the loss of the spacecraft and/
or to regain a level of spacecraft 
mission capability [19].

Overall, the susceptibility of space-
craft to cislunar debris is assessed to 
be low, though it was assessed to be 
higher in some case studies, such as 
the lunar debris case study.  
Spacecraft would be susceptible to 
cislunar debris impacts if the debris 
cloud intersects the spacecraft, as 
these particles could cause significant 
damage to the spacecraft due to 
impacts at high relative speeds.

That said, vulnerability to impacts 
could be reduced by maneuvering the 
spacecraft, adding additional shielding 
to the spacecraft, or practicing 
responsible cislunar spacecraft 
disposal strategies that avoid generat-
ing debris that could threaten 
operational spacecraft.  Furthermore, 
the ability of spacecraft to recover 
from a collision with a debris particle 
would depend on the properties of the 
impact, including the mass, velocity, 
and impact angle of the particle that 
strikes the spacecraft.  The location of 
the impact on the spacecraft, of 
course, would also influence the 
spacecraft’s recoverability, as damage 
to certain critical components (such as 
antennas or the payload) could 
ultimately make an impact 
nonrecoverable. 

[Editor’s Note:  The analysis presented 
herein is part of the Cislunar Education, 

Research, and Technology (CERT) 
graduate research program at the Air 
Force Institute of Technology.  Readers 
are encouraged to contact the authors 
for more information on this program.]  
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BATTLE TESTED

Born in Ventura, CA, in 1925, Bob began 
his distinguished defense career in 1943, 
joining the U.S. Navy while the country 
was in the throes of World War II.  After 
spending a year at the University of 
Texas, he entered the U.S. Naval 
Academy, graduating in June of 1947 (as 
a member of the class of ’48, the 
academy’s last wartime-accelerated 
class).  

Upon receiving his officer’s commission, 
Bob served two deployments on the 
destroyer USS Putnam, most notably 
supporting United Nations operations in 
Palestine when the Arab-Israeli War 
broke out in 1948.  The young officer 
then gained the title of Naval Aviator in 
1950 and flew with several carrier 
aircraft squadrons during the Korean 
War.  He also served as a flight instruc-
tor and was part of the USS Saratoga’s 
fighter squadron supporting the U.S. 
intervention in Lebanon in 1958.

Next, Bob attended the Naval War 
College and was assigned to the Navy’s 
Operational Test and Evaluation Force, 
where he was responsible for evaluating 
various air weapon systems.  He then 
took a mid-career sabbatical to com-
plete graduate studies in international 
studies at Harvard University, where he 
earned a master’s degree in public 
administration and gained a much better 
understanding of the forces that 
ultimately shape world events.

When the military then turned its 
attention to the hostilities in Vietnam, 
Bob commanded a combat fighter 
squadron and, later, a carrier air wing on 
the USS Independence.  He also 
completed an assignment in the Office 
of the Secretary of Defense (Systems 
Analysis) in Washington, DC, before 
returning to Southeast Asia to serve as 
Chief of Operations and Plans for the 
Navy’s five-carrier task force in the 
region.  Next, he commanded the 
combat stores ship USS White Plains 
before taking over command of the 
Navy’s newest aircraft carrier at the 
time, the USS John F. Kennedy, as it 
sailed throughout the Mediterranean 
and north Atlantic.

Bob received his flag rank in 1973 and 
then served as Inspector General of the 
Atlantic Command and, later, Chief of 
the Studies, Analysis, and Gaming 
Agency of the Joint Chiefs of Staff, 
before finally retiring from the Navy in 
July of 1976.

Few names in the aircraft survivability industry could be more synonymous with the word “leader” 
than that of retired Rear Admiral Robert (Bob) Gormley.  Bob, who passed away in June at the age 
of 95, was a combat-proven aviator, decorated air wing and ship commander, successful business 
manager, long-time advisor on many boards and initiatives, and a steadfast advocate for the 
advancement of the survivability discipline.  In short, Bob was a major force in helping to make the 
industry what it is today.  And it’s altogether appropriate that the National Defense Industrial 
Association’s (NDIA’s) Combat Survivability Division (CSD)—an organization Bob helped establish 
and chair for 16 years—presents its annual leadership award in the name of the man whose calm 
but commanding presence helped guide and grow the community for many years.  Accordingly, the 
Joint Aircraft Survivability Program Office would like to posthumously recognize Bob Gormley for his 
longstanding record of Excellence in Survivability.

EXCELLENCE IN SURVIVABILITY
BOB GORMLEY

by Eric Edwards
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LESSONS IN 
SURVIVABILITY

During his many years of active duty 
service, Bob witnessed first-hand the 
significant effects that aircraft safety 
and survivability issues could have on 
the Warfighter.  In fact, on 12 December 
1965, (then) Commander Gormley 
(shown in Figure 1) was himself involved 
in a fiery incident on the deck of the USS 
Independence that underscored the 
importance of the work that he would 
continue in long after his military career 
was over.

As detailed by fellow aviator Robert 
Klotz in a 2005 article in The Hook 
magazine [1], the Independence was 
returning from a tour in Vietnam and 
approaching Naval Station Norfolk on 
the Virginia coast.  Bob—call-sign “Big 

Daddy”—was the commanding officer 
of Fighter Squadron 41 (the “Black Aces,” 
shown in Figure 2) and was preparing to 
pilot the lead F-4 Phantom II in a flyoff 
to nearby Naval Air Station (NAS) 
Oceana.  In the seat behind him sat his 
radar intercept officer (RIO), LT Harold 

“Wild Bill” Coday, who was holding the 
commander’s neatly pressed and 
medallioned dress blue uniform in his 
lap so he would have it for the ship’s 
homecoming ceremonies once they 
were on the ground.  

However, as the outboard waist catapult 
launched the F-4 forward, a violent 
explosion occurred around the aircraft, 
blowing several sailors overboard and 
engulfing nearby planes, personnel, and 
equipment in a huge fireball.  Klotz 
initially assumed Bob’s plane had been 
blown apart.  Soon appearing through 
the smoke and flames, however, was 

the sight of the commander and his 
airborne F-4, now flying “convertible” 
style.

Figure 1.  CDR Bob “Big Daddy” Gormley (U.S. Navy 
Photo).

Figure 2.  F-4 Phantom Black Aces Launching From the USS Independence in 1965 (U.S. Navy Photo).
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Immediately after the explosion, RIO 
Coday had heeded a frantic radio call to 

“Eject, Eject, Eject!” and had jettisoned 
the plane’s canopy (and himself) 
skyward.  But not Bob.  Described by 
Klotz as “one of the most skillful 
displays of flying proficiency [he] was 
ever privileged to witness,” Big Daddy 
had kept operating the plane throughout 
all the fire and chaos and now came on 
the radio to work the problem.  In a calm 
but deliberate voice, Bob reported no 
detectable operational damage but 
asked the tower to send another plane 
to visually inspect the exterior of his 
now-circling aircraft, as well as to pick 
up LT Coday (who had parachuted into 
the ocean) and report back on his 
condition.  (Because of their orientation, 
F-4 RIOs were vulnerable to back 
injuries when ejecting, so Bob was 
eager to check on him.)

As for the cause of the explosion, Bob’s 
plane had been launched with only a 
partial fuel load in the detachable belly 
tank.  A half-filled external fuel tank was 
a definite no-go condition for a carrier 
launch, as the catapult’s rapid accelera-
tion forces could cause a powerful 
aft-moving hydraulic ram action in the 
plane’s tank.  And that’s exactly what 
happened.  Upon launch, the fuel tank’s 
nosecone was instantaneously sucked 
inward, the tailcone was blown out, and 
4,000 gallons of jet fuel was sprayed 
onto the ship’s deck and immediately set 
ablaze by the plane’s twin afterburners [2].  

Thankfully, Bob was able to land safely 
at NAS Oceana, and Coday and the 
other sailors were quickly fished out of 
the Atlantic and given medical treat-
ment.  In the end, 16 sailors were 
injured, 1 aircraft (a nearby F-4) was 
destroyed, and several other aircraft 
were fire-damaged.  The only other 
casualty in the incident was Bob’s dress 

uniform, which he reportedly was not at 
all happy about.

TRUSTED ADVISOR

This experience, and many others that 
Bob gained while in uniform and combat, 
provided an invaluable foundation for 
the analytical, developmental, and 
advisory work in which he would later 
be involved.  It would also make him a 
highly sought-after and trusted advisor 
for countless Government and contrac-
tor organizations and technical 
initiatives.  These organizations include 
the Office of Secretary of Defense 
(Intelligence), the Defense Advanced 
Research Projects Agency, the Naval 
Research Advisory Committee, the 
Naval Air Warfare Center, the National 
Research Council, the National Academy 
of Sciences, the Defense Science Board, 
the Joint Technical Coordinating Group 
on Aircraft Survivability (now JASP), 
and many others.

As a civilian, Bob would also serve as 
President of The Oceanus Company, 
Senior Vice President of Projects 
International, Inc., and consultant to 
many of the industry’s major contractors, 
including Boeing, McDonnell Douglas, 
Northrop Grumman, Rolls-Royce, Alliant 
Techsystems, Leading Systems, Inc., 
Lear Astronics, Loral, Frontier, and the 
SURVICE Engineering Company.  He also 
coordinated efforts to complete the sale 
of defense materiel (including U.S. 
aircraft) to countries such as Greece, 
Saudi Arabia, Thailand, and China.

To every organization and project in 
which he was involved, Bob was able to 
bring a unique combination of technical, 
operational, and political expertise and 
influence in a wide range of technical 
areas.  These areas included unmanned 
aerial vehicles (UAVs); airborne 

reconnaissance and surveillance; 
tactical air warfare; counterterrorism; 
network-centric operations; advanced 
technologies for future aircraft, aircraft 
carriers, and naval forces; littoral and 
amphibious warfare; fire support; air 
traffic control; mine countermines; 
aircraft, ship, and weapons survivability; 
military requirements formulation; 
operations research; and test and 
evaluation planning.

BIRTH OF THE CSD

Arguably, the most notable achievement 
Bob made in the field of aircraft 
survivability was helping to establish 
and lead the Combat Survivability 
Division of the American Defense 
Preparedness Association (ADPA) (now 
the National Defense Industrial 
Association) in the late 1980s.  While at 
the JTCG/AS Survivability Symposium in 
December of 1987, he proposed 
surveying attendees (and then others) 
with the idea of establishing a dedi-
cated aircraft survivability organization.  
Receiving an overwhelmingly positive 
response—as well as an expressed 
desire to expand the proposed organiza-
tion’s scope to include ground and sea 
system survivability—Bob then 
approached the ADPA President with 
the proposal to stand up the organiza-
tion as an independently governed ADPA 
division [3].

And thus was born the CSD, with Bob 
serving as its first chairman.  The new 
organization’s mission was to “enhance 
survivability as an essential element of 
overall combat mission effectiveness 
[including] promoting communications 
and the exchange of survivability 
technical information between individu-
als and organizations that develop 
requirements for, design, build, and 
tactically employ military weapon 
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systems.”  And in Bob, this mission 
could’ve had no greater champion.

During his 16-year tenure as CSD 
chairman, Bob was adept at leveraging 
his extensive experience and military 
network to increase the awareness of 
combat survivability among senior 
uniformed and civilian officials in the 
Services and the Department of 
Defense.  He also began holding regular 
division meetings and oversaw planning 
of the division’s first national sympo-
sium, held at the Johns Hopkins Applied 
Physics Laboratory, in 1989.  In all of 
this, Bob brought a tireless rigor and 
emphasis on quality for which he, and 
the division, would become known.

Based on the success of the first and 
following survivability symposia, the 
annual fall event became a widely 
anticipated and attended gathering for 
the community, with the Naval 
Postgraduate School (NPS) eventually 
becoming the permanent venue.  The 
unofficial slogan for the division thus 
became, “If you’re in the survivability 
business, Monterey is the place to be in 
November.”

AN OFFICER AND A 
GENTLEMAN

Not surprisingly, Bob was the recipient 
of numerous awards and honors 
throughout his distinguished military 
and civilian career.  These include the 
Legion of Merit with Combat “V” (three 
awards), Distinguished Flying Cross (two 
awards), Bronze Star (two awards), 
Navy Commendation Medal with 
Combat “V” (three awards), and Air 
Medal (eight awards).  Perhaps no 
award or medal, however, could better 
attest to the influence and impact he 
had on the survivability industry—and 
the people in it—than the words of 

other leaders in the community.  The 
following are excerpts from some of 
those leaders.

Mr. Kevin Crosthwaite (former 
Director of the Survivability/
Vulnerability Information Analysis 
Center [SURVIAC]):

“I met Bob when I was a new 
employee at SURVIAC.  He had 
been sent out as a consultant for 
the JTCG/AS to scout and advise 
the new agency in the realm of 
aircraft survivability.  He was 
liberal with his advice.  At the time, 
I thought he was a pain in the rear.  
If I had only known.

Bob made a huge impact on the 
aircraft survivability community.  I 
think he had his biggest influence 
in getting volunteers to put in more 
effort.  He appealed to their 
professionalism and patriotism 
and was always ready with logic 
on why any task worth doing was 
worth doing right.  He was 
demanding.  He made a difference.  
I know he made a difference in 
me.”

Mr. James Foulk (survivability leader 
at the Army Ballistic Research 
Laboratory and Sikorsky and founder of 
the SURVICE Engineering Company):

“Bob was an important person in 
my career and a pleasure to work 
with.  Working closely with him to 
establish and get the NDIA Aircraft 
Survivability Division operating in 
its initial years was very rewarding.  
He could challenge you in many 
ways, but he was always a 
gentleman.  All the memories I 
have of working with him to make 

aircraft survivability a prominent 
and permanent discipline are 
etched in my mind forever.”

Dr. Robert Ball (Professor Emeritus of 
aircraft combat survivability [ACS] at 
NPS):

“When I was teaching the 
fundamentals of ACS at NPS in the 
1980s and 1990s, I regularly asked 
Bob to give an ‘old-Navy-pilot’ talk 
to my class of young Navy pilots 
about his personal experience and 
his advice in all aspects of ACS, 
both operationally and profession-
ally.  After one of Bob’s talks, I 
overheard one student say to 
another (respectfully), ‘Once an 
admiral, always an admiral.’

Bob was always impressive in his 
enthusiastic, and voluntary, 
support of the ACS discipline; and 
he made a major contribution to 
the growth of ACS as a critical 
aircraft design discipline with his 
influence in the military aviation 
community and his foundational 
leadership of the CSD.”

Mr. Ken Goff (former Survivability Lead 
at the Naval Air Systems Command 
[NAVAIR]):

“When I took over the NAVAIR 
Survivability Division in 1997, Bob 
started calling me on a regular 
(monthly) basis.  He kind of 
became one of my ‘unofficial’ 
mentors, which was incredible to 
me.  At that time, I was a 
brand-new supervisor of a division 
that came together from a major 
BRAC . . . and Bob graciously 
offered me a lot of his time and 
advice.”
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Mr. David Hall (former Chief Analyst 
for the Survivability Division of the 
Naval Air Warfare Center and chair of 
the JTCG/AS Methodology Subgroup):

“I met Bob in the mid-1980s when I 
was asked to come to a run-
through of a briefing he was giving 
on survivability.  I think he was a 
little annoyed that I critiqued a few 
of his slides.  I didn’t know who he 
was at the time.  If I had known he 
was a retired admiral, I might have 
been a little more politic; but he 
took my comments and made the 
changes I suggested.

Bob didn’t fit my usual impression 
of a flag officer—he was truly 
interested in making things better 
and didn’t care where the 
suggestions came from.  The thing 
I remember most about Bob was 
his Survivability Bubble Chart.  
He’d show that chart pretty much 
everywhere he went, selling 
survivability to industry and 
government.  In addition, he was 
the driving force behind the NDIA 
survivability division and made a 
lot of things happen there.  He 
was also very helpful to me later 
on in trying to get survivability as a 
design feature in UAS.”

Mr. Dale Atkinson (former Head of 
Survivability at NAVAIR and Editor-in-
Chief of the Aircraft Survivability 
journal):

“I met Bob in the 1980s, when he 
was part of a group doing a study 
for OSD or the Joint Staff, and his 
part was aircraft survivability.  I 
talked to him for quite a while at 
that first meeting, but he still had 
many questions after our time ran 
out.  I was reviewing a draft of Bob 
Ball’s survivability textbook at the 

time, so I had a copy (which was 
about 3 inches thick) printed out 
for Bob to take with him.

The next day, Bob showed up with 
more questions.  I realized then 
that he was different because he 
asked good questions (and 
obviously had read most of the 
draft I had given him the previous 
day).  He went on to help us in 
many ways over the years 
because he was a solid citizen and 
a true survivability advocate. . . .  In 
particular, he helped us convince 
the upper levels of the Navy and 
OSD of the importance of this 
area.”

FAIR WINDS AND 
FOLLOWING SEAS

In conclusion, on behalf of the entire 
aircraft survivability community, JASPO 
expresses its condolences to Bob’s wife, 
Linda, and the entire Gormley family.  
The legacy of leadership, service, and 
excellence that Bob brought to the 
industry for so many years will not be 
forgotten; nor will his unending dedica-
tion to the safety and success of the U.S. 
Warfighter.

[Editor’s Note:  The author would like to 
thank Ms. Linda Gormley, Ms. Deborah 
Cannon, and Messrs. Dale Atkinson, 
Dave Legg, Bob Ball, Dave Hall, Jim 
Foulk, Kevin Crosthwaite, Ken Goff, and 
Ron Dexter for their contributions to this 
article.]
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IN SEARCH OF 
EXCELLENCE

The Joint Aircraft Survivability 
Program (JASP) is always 
looking for deserving candi-
dates to recognize for their 
Excellence in Survivability.  If 
you know of a colleague or 
someone else in the commu-
nity who has made, or is 
making, important technical or 
leadership contributions in the 
field and you would like to 
submit their name for consider-
ation, please contact Mr. Dale 
Atkinson at daleatk@gmail.com.
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By Mark Butkiewicz

ON THE HORIZON:  
LOGISTICS DRONES 
PROMISE TO LIGHTEN 
THE LOAD OF BATTLE

Unmanned aerial systems (UASs) of all shapes and sizes seem to be everywhere these days, as 
users continue to find countless new applications in a wide range of industries and fields.  And the 
battlefield is no exception.  These systems—commonly referred to as drones—are being increas-
ingly used by the U.S. military for everything from intelligence, surveillance, and reconnaissance 
(ISR) to aerial refueling to cargo transport to armed attack.  Recently, the U.S. Navy and Marine 
Corps have been investigating the use of large multirotor aerial platforms that can provide the 
Warfighter with assured battlefield resupply for the “last mile” in a logistics hub-and-spoke distribu-
tion model.  As such, these platforms require specialized capabilities—including payload capacities 
ranging from 50 to 500 lbs—that differ from those of most other rotor-driven drones in the skies 
today.

Malloy Aeronautics Photo
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MILITARY LOGISTICS 
DRONES:  AVERAGE 
DRONES NEED NOT APPLY

Multirotor military logistics drones 
exist in a kind of gray area when it 
comes to cost, size, capability, and 
life-cycle considerations.  When many 
people envision these systems, they 
think of small and relatively 

“expendable” consumer-grade toys or 
hobby equipment.  And while it’s true 
that this class of drone is not 
exceedingly expensive (representing a 
fraction of the cost of much larger 
existing UAS platforms), it is also not 
disposable (especially compared to 
some of the single-use drones being 
investigated for future UAS swarming 
missions).  Rather, military logistics 
drones are considered “attritable.”  
That is to say, developers and analysts 
must trade the traditional aircraft 
engineering design aspects of 
reliability and maintainability (and 
survivability) for that of low cost, 
while still providing reuse capability.

Logistics drones are also often in a 
class by themselves when it comes to 
size.  Though significantly larger than 
most of the camera-equipped 
handheld drones the military has been 
deploying to look around a corner or 
over a hill in support of ISR missions 
(see Figure 1), logistics drones are also 
much smaller than many of the 

“full-size” UAVs that the military 
currently has in, or is preparing to 
send to, the battlefield (see Figure 2) .

What is not unclear with military 
logistics drones is the obvious benefit 
that they promise to provide to the 
Warfighter.  The ability to resupply 
combat personnel at a moment’s 
notice means they can potentially 
shed pounds of supplies and 
equipment that they would normally 

have to carry or otherwise transport 
from their base of operations.  
Warfighter fatigue can thus be 
reduced; and Warfighter endurance, 
maneuverability, operational speed, 
and lethality can be enhanced.  
Furthermore, the ability to augment 
other air and ground logistics transport 
assets with relatively low-cost and 
unmanned vehicles promises to 
provide commanders with added 
flexibility and decreased risk to 
personnel during resupply.

FROM TOILET PAPER TO 
BULLETS:  LOGISTICS 
WINS WARS

Ancient Chinese military strategist Sun 
Tzu once wrote, “The line between 
disorder and order lies in logistics” [1].  
More recently, business expert Tom 
Peters added, “Leaders win through 
logistics.  Vision, sure.  Strategy, yes.  
But when you go to war, you need to 
have both toilet paper and bullets at 
the right place at the right time.  In 
other words, you must win through 
superior logistics” [2].

Figure 1.  Hand-Held UAS Used for ISR (U.S. Marine 
Corps Photo).

Figure 2.  MQ-9 Reaper (U.S. Air Force Photo by Staff Sgt. Nadine Barclay).

Logistics drone developers 
and analysts must trade the 

traditional aircraft engineering 
design aspects of reliability 

and maintainability (and 
survivability) for that of low 

cost, while still providing 
some reuse capability.
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Indeed, the crucial role that logistics 
has played, and continues to play, in 
the success of the U.S. military cannot 
be overstated.  And ultimately, that 
role always comes down to the 
individual Warfighters.  Do they have 
what they need when they need it?  
And equally important, are they 
carrying anything they don’t need that 
may limit their agility and 
effectiveness?  It’s no wonder then 
that the military continues to invest 
significant amounts of time, effort, 
and money in trying to shave even a 
few ounces off the load that 
Warfighters must carry into combat.

In addition to their personal body 
armor, weapon, and ammunition, 
Warfighters generally must carry 
enough food and water to sustain 
them until they can be resupplied 
(often for at least several days).   
And that doesn’t even count any 

specialized equipment that they must 
include to conduct a mission.  If these 
personnel, however, are given the 
ability to be regularly resupplied by 
drones, they can potentially shed 
pounds of their daily supplies.

And it’s not just food, water, and 
ammunition that logistics drones can 
potentially deliver at will.  Spare parts, 
mission-specific tools, and other 
relatively heavy equipment (such as 
portable generators) can be delivered 
to remote locations after Warfighters 
reach a mission objective or 
checkpoint.  Figures 3 and 4 show an 
example of a logistics drone, called 
the Tactical Resupply Vehicle (TRV)-
150, which is currently being 
developed in collaboration with the 
U.S. military, Malloy Aeronautics, and 
the SURVICE Engineering Company.

  

COTS vs. COTS+T

To most quickly and efficiently get 
these logistics drone technologies 
onto the battlefield, military 
acquisition leaders are increasingly 
recognizing the multiple benefits that 

Figure 3.  The TRV-150, Winner of the NAVAIR PMA-263 TRUAS Prize Challenge in 2020.

Figure 4.  The TRV-150 Carrying a Field Generator.
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leveraging existing commercial 
off-the-shelf (COTS) technologies can 
have over attempting to develop new 
drone technologies from scratch.  One 
of the most important of these 
advantages, of course, is cost.  Market 
demands have helped commercial 
drone developers be able to improve 
basic drone capability and 
performance at a rapid pace, and 
taking advantage of this progress 
makes financial sense for the military.  
There is also great benefit in being 
able to tap into the existing, robust 
manufacturing infrastructure found in 
the commercial sector.  In short, when 
it comes to basic drone development 
and production, the military is trying 
not to “reinvent the wheel.”

That said, COTS drones are not 
typically designed with specific 

military applications in mind and thus 
rarely meet all of the unique 
requirements that the military often 
has.  So, military leaders have also 
increasingly adopted the practice of 
taking an existing COTS platform and 
adding a “tactical veneer”.  This 
customized approach—referred to as 
COTS+T—takes advantage of the 
low-cost COTS platform while also 
adding the necessary military 
enhancements to meet the specialized 
needs of the Warfighter.  

HOLISTIC SURVIVABILITY

Of course, as the prevalence and 
effectiveness of military logistics 
drones continue to grow, so do the 
countermeasures that hostile forces 
will likely take against them.  Quite 
frankly, survivability isn’t something 

many people associate with drones, 
especially when they think of the small 
commercial-grade models used by 
hobbyists.  However, survivability 
considerations can and should be 
applied to military logistics drones.  
And once again, customization is a key 
principle.

Developers and analysts must 
combine many of the traditional 
aircraft survivability considerations 
often used for other military aircraft 
while also recognizing that these 
platforms—though unmanned—are 
closely connected to the personnel 
they support.  Thus, logistics drone 
survivability should be considered 
holistically, where the drone is treated 
not only as an individual battlefield 
asset but also as a “component” of a 
larger, interdependent system 

Figure 5.  Survivability Layers for the Logistics Drone-Warfighter Partnership.
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supporting and protecting the 
Warfighter on the ground.  And if it 
comes to potentially competing 
priorities of these components, the 
Warfighter must have precedence.

Because survivability is a combination 
of susceptibility and vulnerability, both 
areas need to be considered as 
multirotor logistics drones are 
developed, analyzed, and tested.  
Figure 5 illustrates the traditional 
survivability layers (including both 
susceptibility and vulnerability 
considerations) as applied to a 
logistics drone-Warfighter partnership.

The initial survivability layer—or 
survivability objective—is, of course, 
for the drone system not to not be 
seen (or detected) at all by a threat.  
To support this objective, a variety of 
means and measures (as illustrated in 
the outside layer of Figure 5) can be 
used, including “stealthy” material 
composition and airframe shaping, as 
well as visual, thermal, acoustic, and 
radar signature management. 

Moving inward in the figure, the next 
survivability objective is for the drone 
not to be acquired if seen or detected 
by a threat, such as through the use of 
signal jamming and smoke obscurants.  
If the drone is acquired, the next 
objective is not to be hit, such as 

through the use of various 
countermeasures, infrared (IR) decoys, 
smoke obscurants, and counterfire.  If 
the drone is hit, the next objective is 
not to be penetrated, which is often 
achieved via armoring.  

Finally, if penetrated, the last 
survivability objective is for the 
drone-Warfighter partnership not to 
be killed.  For the drone itself, this 
objective may come through redundant 
components or systems (or platforms); 
for the Warfighter, this objective may 
come through medical evacuation and/
or treatment.

Platform-Level Survivability

In general, the analysis of logistics 
drone platforms follows the same 
basic “ABCs” of vulnerability reduction 
as any aircraft platform.  Namely:

 � A – Armor
 � B – Bury
 � C – Concentrate
 � D – Duplicate (and Separate)
 � E – Eliminate
 � F – Fire Protect.

While armoring a small logistics drone 
may be impractical in many instances, 
there may be cases for limited ballistic 
shielding of key subcomponents that 
are especially critical for continued 
operation.  In addition, burying 
components (e.g., using less critical 
and/or redundant components as 
shielding) and concentrating areas that 
are critical to flight (e.g., the flight 
controller) are proven vulnerability 
reduction techniques that apply to 
multirotor drones as much as manned 
aircraft.  Likewise, duplication (and the 
corresponding separation of redundant 
elements) is a standard vulnerability 
reduction technique easily employed 

by multirotor drones.  From a reliability 
standpoint, most logistics (and other) 
drones incorporate more motors and 
props than are necessary to maintain 
flight, thus allowing one or more 
motors/props to become disabled and 
allow continued safe operation.

Elimination of unnecessary items is a 
vulnerability reduction technique often 
forgotten in survivability analysis, but 
it is an especially important principle 
in any aircraft that has strict 
limitations in payload capacities and 
operating ranges.  Thus, it is important 
for developers and analysts to look at 
each component and subcomponent of 
a drone design and ask the question of 
whether it is essential for operation of 
the drone in performing its mission.  If 
the answer is no, that component/
subcomponent should be removed.

Finally, fire remains one of the leading 
contributors to the loss of aircraft of 
all types.  While fuel has always been 
a primary worry for manned aircraft, 
the current lithium-Ion batteries used 
on high-performance multirotor drones 
with electrical drivetrains are also 
highly sensitive to ballistic impact.  
Battery cells can heat up, ignite, and 
then ignite adjacent cells, leading to a 
cascading fire throughout the platform.  

To help reduce this threat, the use of 
intumescent coatings is currently 
being investigated, as is the use of 
solid-state batteries. Prototype 
solid-state batteries have 
demonstrated twice the energy 
density of other batteries and a 
substantially improved rate of 
charging/discharging.  Moreover, 
unlike many vulnerability reduction 
techniques, the use of these batteries 
doesn’t come with weight and cost 
penalties.  Thus, they have the 

Survivability isn’t something 
many people associate with 
drones, especially when they 
think of the small commercial-

grade models used by 
hobbyists.  
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potential to improve not only the 
ballistic resilience of a logistics drone 
but also its range and payload 
capacity.

Operational-Level Survivability

Notwithstanding the aforementioned 
vulnerability reduction techniques, 
vehicle-level survivability in logistics 
drones is less of a factor in mission 
effectiveness than the overarching 
operational-level survivability in which 
the drones are a part.  Admittedly, 
most ballistic impacts are 
overmatching threats to a drone the 
size of a logistics drone (and smaller), 
so the way in which these systems are 
employed and the likelihood of 
engagement ultimately play a larger 
role in overall system performance on 
the battlefield.

At the operational level, survivability 
of the Warfighter and not the drone is 
the highest priority.  While one goal is 
certainly to assure the drone can 
complete its mission, in most 
instances delivery of the payload 
takes precedent over risk to the 
vehicle.  This feature of (attritable) 
logistics drones thus provides 
commanders the ability to put them 
into contested, high-risk airspace in a 
way that more expensive and manned 
assets cannot generally be employed.

That said, the commander must still 
maintain awareness of drone asset 
losses and how they might affect 
longer term operational tempo should 
fewer assets be available.  Therefore, 
as mentioned, employing logistics 
drones must be done in a way that 
minimizes the chances they can be 
engaged and killed and maximizes 
their ability to continue to provide 
Warfighters with critical supplies in 
future missions.

In terms of susceptibility, another one 
of the benefits of electric multirotor 
logistics drones is that they are 
relatively small and quiet compared to 
a larger drone or manned aircraft.  
Without the heat of a combustion 
engine, they are also relatively cool in 
the IR spectrum.  Accordingly, recent 
integrated test activities involving the 
use of logistic resupply drones at night 
have demonstrated just how close 
these drones can approach a landing 
zone before being detected from the 
ground.  Further field testing and the 
development and validation of 
concepts of operations (CONOPS) for 
logistics drones are expected to 
continue to identify strategies for 
optimizing how and when these assets 
should be deployed.

CONCLUSIONS

If, as has been said, logistics wins 
wars, then the use of logistics drones 
is sure to be an increasingly vital tool 
in battle to provide assured, sustained 
logistics resupply.  Affordable, capable, 
and easily deployable—logistics 
drones represent a technological 
leap-ahead and force multiplier in 
assuring that the U.S. Warfighter 
always remains equipped, agile, and 
successful.  To continue to maximize 
the effectiveness of these unique 
platforms, developers and analysts 
must continue to view drone 
survivability holistically, treating the 
drone and the Warfighter as 

interdependent components of a larger 
system, maintaining a balance 
between cost and capability, and 
optimizing both platform-level and 
operational-level survivability to 
provide the most robust, most capable, 
and most useful assets possible.  
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