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HYDRODYNAMIC RAM CAVITY 
by Adam Nesmith, Andrew Lingenfelter, Joshuah Hess, and David Liu

Characterizing cavity dynamics after a hydrodynamic ram (HRAM) event is a vital part of 
aircraft safety and survivability.  In a combat situation, an aircraft’s fuel tank is susceptible to 
high-energy impacts from bullets, missile fragments, or other projectiles [1].  These impacts 
cause pressure fluctuations in the fuel tank, which can cause structural and equipment damage 
[2, 3].  Additionally, when a projectile hits an aircraft’s fuel tank, a cavity is created.  This cavity 
is composed of fluid, fluid vapor, and ambient gases; and it creates a region of low pressure in the 
aircraft’s tank [4, 5].  As the cavity collapses, fluid is then forced out of the orifice generated by 
the HRAM event [5].  Accordingly, development of a method to characterize cavity dynamics to 
accurately predict cavity collapse is needed.  A model predicting the cavity phases during an 
HRAM event could also provide accurate predictions of fluid ejection.

30 SYMBOL OF SURVIVABILITY:  AFTER 75 YEARS, THE 
PLANE THAT LED D-DAY FLIES ANOTHER MISSION 
by Eric Edwards

Just before midnight on the 5th of June 1944, more than 800 C-47 Skytrain and C-53 
Skytrooper transport planes took off from the Greenham Common air base in Berkshire, England, 
and headed south over the English Channel toward France.  Inside the planes rode approximately 
13,000 American paratroopers from the 101st Airborne Division.  The objective of their mission—
codenamed Albany—was clear:  parachute in behind enemy lines and capture the causeways 
behind Normandy’s Utah Beach, as well as several bridges, a canal lock, and a German coastal 
battery.  And they needed to do it quickly.  For following just a few hours behind them was what 
would be the largest amphibious landing in military history, a landing that would forever be 
remembered as D-Day [1, 2].
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AFRL LASER SHOOTS 
DOWN AIR-LAUNCHED 
MISSILES

In April, the Air Force Research 
Laboratory (AFRL) reported that it had 
successfully used the Demonstrator 
Laser Weapon System (DLWS) to shoot 
down multiple air-launched missiles at 
the High Energy Laser System Test 
Facility at White Sands Missile Range, 
NM.  The shoot-down marked a major 
milestone in AFRL’s Self-Protect High 
Energy Laser Demonstrator (SHIELD) 
Advanced Technology Demonstration 
Program.

Although the DLWS was acting as a 
ground-based test surrogate for the 
SHIELD system, the goal of the program 
is to develop a directed-energy laser 
system that can be mounted as an 
aircraft pod (under an aircraft’s wings or 
fuselage) to provide a self-defense 
capability against surface-to-air and 
air-to-air missiles.  The Air Force is 
currently ruggedizing and reducing the 
size and weight of the SHIELD system 
and plans to have it fielded on super-
sonic and possibly other aircraft by 2021.

JASPO WELCOMES 
CARRELL MCALLISTER

The Survivability Assessment Flight, 
Aerospace Survivability and Safety 
Office (704 TG/OL-AC) and the Joint 
Aircraft Survivability Program Office 
(JASPO) are pleased to welcome their 
newest member, Ms. Carrell McAllister, 
to the team.  Carrell is serving as the 
JASPO lead for the Vulnerability 

Assessment and Reduction Subgroup, 
filling the vacancy left by Mr. Mike 
Weisenbach.

Prior to joining JASPO, Carrell served as 
an aerostructures analyst and project 
manager, providing consultant support 
to the Naval Air Systems Command 
(NAVAIR) Structures Division at Naval 
Air Station (NAS) Pax River for Magee 
Technologies.  Her experience includes 
aircraft design, systems integration, 
structural analysis, and damage 
tolerance.  Carrell also comes with a 
wealth of experience in aircraft 
survivability, having worked at the 
Institute for Defense Analyses (IDA) and 
Lockheed Martin Aeronautics Company.

During her tenure at IDA, she provided 
planning, analysis, and independent 
technical oversight of operational and 
Title 10, Live Fire Test and Evaluation 
activities for major acquisition programs 
in support of the Office of the Secretary 
of Defense (OSD), Director of 
Operational Test and Evaluation 
(DOT&E).  In particular, she served as 
the lead analyst for the KC-46 and 
various C-130 Live Fire efforts.  She also 
completed the Aircraft Survivability 

Short Course at the Naval Postgraduate 
School and has training in design of 
experiments and the COVART/FASTGEN 
survivability analysis codes.

Carrell holds B.A. and B.E. degrees from 
Dartmouth College as well as an M.S. in 
mechanical engineering from the 
Georgia Institute of Technology.

Welcome, Carrell! 

TOMMY SANDERS 
RETIRES 

Mr. Tommy Sanders, a great friend of 
the aircraft survivability community, is 
retiring after 47 years of Government 
service.  Tommy is one of the Navy’s 
foremost subject-matter experts on 
decoy flares and has been intimately 
involved with the design, development, 
fabrication, and testing of infrared 
countermeasures (IRCMs) and their 
dispensing systems.  Many know 
Tommy through his leadership on the 
tri-Service Joint Expendable 
Countermeasures Integrated Product 
Team or through his tireless support of 
IRCM testing at home and abroad.  
Except for a 1-year detail to Washington, 
DC, supporting PMA 272, Tommy spent 
his Navy career in Crane, IN, where he 
began as an In-Service engineer for 
Navy pyrotechnics, working on marking 
and signaling flares.  More than 4 
decades—and countless programs and 
test events—later, Tommy has decided 
to take a well-earned break from his 
longstanding service.  We wish him fair 
winds and following seas. 

NEWS NOTES by Dale Atkinson  
and Eric Edwards
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JCAT CORNER by LTC Ron Pendleton, CW5 Scott 
Brusuelas, and LCDR Matthew Kiefer

The Joint Combat Assessment Team 
(JCAT)—which consists of Army, Navy, 
and Air Force contingents—continues 
to adapt to the ever-changing worldwide 
operations to process evidence from 
aircraft hostile fire incidents to give 
combatant aircraft unit commanders 
immediate threat data, while also 
providing data for engineering improve-
ments to reduce the loss of lives and 
aircraft.

Since our last update, the team has 
been busy completing Phase Two and 
Three of our three-phase process to 
certify new JCAT assessors.  JCAT 
Phase Two training was held at the 
Naval Air Warfare Center (NAWC) China 
Lake, CA, on 11–15 March 2019.  JCAT 
trainees from Navy, Army, and Air Force 
personnel participated and received 
credit for JCAT training.  The Phase Two 
course is designed to build upon the 
student’s Phase One training, with 
additional classroom-based instruction, 
threat education, simulated field-based 
events, and event report-outs.

JCAT Phase Three, the Threat Weapons 
Effects (TWE) training, was held at Eglin 
AFB, FL, on 23–25 April 2019.  TWE 
training draws information from threat 
exploitation, live fire testing, and 
combat experience to provide a 
complete picture on threat lethality.  
This year’s event brought together 
approximately 200 personnel, including 
military and civilians in the survivability, 
intelligence, and aircraft operation fields.  
Subject-matter experts delivered 
briefings on various topics, such as 
design for Combat Rescue Helicopter 
(CRH) aircraft survivability, data analysis 
of recent hostile fire events, warhead 

design and blast effects, air-to-air 
threats, antitank guided missile threats 
to aircraft, and the Large Aircraft 
Infrared Countermeasure (LAIRCM) 
system, among others.  In addition to 
briefings on the latest happenings in the 
community, this event hosted a 
well-received live fire demonstration 
consisting of two shots of a man-porta-
ble air-defense system (MANPADS) 
against a simulated aircraft structure as 
well as a static detonation of a PG-7.  

With the completion of the JCAT phase 
training class of 2019, 27 joint personnel 
are now fully qualified JCAT assessors.  
Four of these members from the Air 
Force will be deploying to various 
overseas locations this year and are 
dual-hatted with battle damage repair 
and JCAT duties.  

Finally, Army JCAT would like to hail 
CW3 Paul Olson and his wife, Tracie.  
Paul joined JCAT in April after complet-
ing a recent deployment to Afghanistan 

with the Brigade Aviation Element, 1st 
Stryker Brigade Combat Team, 4th 
Infantry Division.  As a former infantry-
man and aviator, he brings a diverse 
background and is a welcomed addition 
to the team.  

In addition, Army JCAT extends a sad 
farewell to CW4 Bart Schmidt.  Bart 
officially retired from active duty at the 
end of May after a +26-year career, and 
he will be sorely missed.  The entire 
team would like to thank him for his 
service to the Army, to JCAT, and to the 
nation.  We wish him and his family the 
best of luck in their next adventure. 

U.S. Air Force Photo/Tech Sgt. D. Clare
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by Marty Krammer and Nathan Conde

ROTORCRAFT 
EFFECTS OF 
COUNTERING RPGs

Rocket-propelled grenades (RPGs), such as those shown in Figure 1, are a highly prolific threat that 
pose a significant danger to U.S. forces abroad.  Accordingly, these weapons have been the basis for 
multiple vulnerability studies, including the one presented herein.  To counter this threat, the U.S. 
Department of Defense (DoD) is researching numerous potential active protection system (APS) 
solutions for vehicle and aircraft applications.  In addition, the Navy has undertaken a project, spon-
sored by the Joint Aircraft Survivability Program Office (JASPO), to determine the potential effects 
of countering the RPG threat, as well as the residual debris created by the encounter, on military 
rotorcraft and the persons on board. 
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BACKGROUND

Over the last half century, from 
Vietnam through recent operations in 
Iraq and Afghanistan, U.S. aircraft 
combat losses have indicated a 
growing need to provide aircraft 
protection against RPG-rotorcraft 
encounters.  RPGs, once launched at a 
target, are a difficult challenge to 
defeat, and thus they pose a unique 
problem for Aircraft Survivability 
Equipment (ASE) countermeasure 
solutions.  They fly toward the target 
unguided and cannot be countered by 
traditional countermeasures that seek 
to jam, degrade, spoof, or decoy 
guided antiaircraft weapons.  And 
once they arrive, the relatively large 
power of their warheads, combined 

with the relatively lightweight 
structures of aircraft, can give them 
devastatingly destructive results. 

Solutions to RPG protection fall into 
three major areas: 

 � Prevent or distract the launch.
 � Intercept and degrade or destroy the 

RPG in flight.
 � Harden the aircraft to survive the 

engagement.

Recent technological advancements in 
APS for defeating or degrading the 
RPG have centered on the develop-
ment of a guided countermeasure 
munition (CMM), or RPG kill vehicle 
(KV), launched from an AN/ALE-47 
Countermeasure Dispense System, 

providing 360° protection to the 
rotorcraft against approaching RPGs 
(see Figure 2).   

Both warhead-kill vehicle (WKV) and 
kinetic-kill vehicle (KKV) CMM 
concepts have emerged from Army 
and Navy APS research efforts for 
countering the RPG threat.  Each 
concept, however, poses a unique 
engagement and defeat mechanism 
challenge against unguided aircraft 
weapons, such as the RPG.  The KKV, 
sometimes referred to as Hit-to-Kill 
(HTK) vehicle concept, accomplishes 
RPG defeat through precision CMM 
guidance and targeting, with physical 
body-to-body impact on the RPG 
warhead.  The WKV concept accom-
plishes RPG defeat or degradation 
through CMM guidance and lethal 
fragmentation targeting of the RPG 
warhead.  

ROTORCRAFT 
VULNERABILITY TO RPG 
DEBRIS PROJECT

In 2017, JASPO initiated a 3-year 
effort to understand rotorcraft effects 
of countering the RPG threat with APS 
CMMs.  The first year included 

Figure 2.  Notional Rotorcraft APS Engagement.

Figure 1.  The RPG Threat (Notional Representation).

Warhead Sustainer Motor Tail Fins

Expellant Charge

Fuze
REPLICA FIN ASSEMBLY (FIRED)

REPLICA RGP BOOSTER (PRE-FIRED)
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developing and demonstrating unique 
test capabilities to replicate KKV and 
WKV CMM engagements against the 
RPG.  The second year included live 
fire RPG debris characterization testing 
and RPG debris threat model develop-
ment.  The third year (2019) has 
included vulnerability analyses and 
reporting on results and findings.

Project objectives have included the 
following:

 � Characterizing RPG reactions and 
debris caused by KKV and WKV 
engagements.

 � Performing analyses to understand 
effects on rotorcraft, crew, and 
passenger survivability for RPG 
engagements.

 � Understanding the benefits of APS in 
reducing vulnerability and improving 
the survivability of the Warfighter.

Both APS WKV and KKV RPG defeat 
concepts were evaluated for the 
purpose of:

 � Determining their effectiveness in 
defeating the RPG threat at standoff 
distances away from the rotorcraft.

 � Understanding the RPG’s reaction to 
different engagements.

 � Understanding the residual debris 
(threat) effects created by the 
engagement and impact on rotorcraft 
vulnerability.  

Several locations on the RPG (high-
lighted in Figure 3) were targeted 
during RPG debris characterization 
testing.  These included the warhead’s 
fuze, warhead, motor, and tail sections.  
The APS RPG threat engagement 
scenario (illustrated in Figure 4) that 
was selected for testing represented a 
realistic engagement, producing 
maximum downrange RPG debris 
scatter and potential energy effects.  

Two standoff distances from the 
rotorcraft were evaluated for RPG 
debris characterization and vulnerabil-
ity analyses. 

The KKV used in testing reflected a 
Navy research APS CMM concept that 
was representative in size, mass, and 
materials composition.  Several WKV 
warhead concepts were evaluated in 
testing and reflected anti-RPG 
warhead designs developed under a 
related JASPO project, which focused 
on the development of an effective 
low-collateral effects warhead for 

APS application.  The anti-RPG 
warhead designs tested used a 
consumable fragmentation approach 
for RPG defeat.

For testing, a unique RPG launcher, 
KKV launcher, and targeting-firing 
control system was used to replicate 
body-on-body KKV-to-RPG intercepts 
and WKV warhead side-offset RPG 
engagement conditions (as illustrated 
in Figure 5).  These RPG launcher, KKV 
launcher, and intercept capabilities 
were developed and demonstrated in 
2017 under this project.  

TESTING

In 2018, live fire RPG debris character-
ization testing was performed at the 
Weapons Survivability Laboratory of 
the Naval Air Warfare Center 
Weapons Division (NAWCWD) in 
China Lake, CA.  Unique test capabili-
ties, data collection methods, and test 

Figure 3.  RPG Targeted Engagement Areas of Interest.

Figure 4.  Notional APS CMM RPG Engagement Scenario.

RPGs cannot be countered by 
traditional countermeasures 
that seek to jam, degrade, 

spoof, or decoy guided  
antiaircraft weapons.

Warhead Center

CMM Targeting Locations

2.6”
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setup were developed to replicate APS 
CMM-to-RPG threat engagements.  
Data acquired in testing included RPG 

debris shapes, sizes, masses, speeds, 
and trajectories, as well as RPG 
shaped charge jet (SCJ) scatter, 

trajectories, and downrange penetra-
tions (when formed).

The setup developed for testing was 
extensive and spread over a relatively 
large area (as pictured in Figure 6).  
Testing used a custom RPG launcher 
gun, KKV launcher gun, and targeting-
firing control system to replicate both 
body-on-body KKV and WKV engage-
ment test conditions.  A total of eight 
high-speed cameras, combined with 
grid board and virtual measurement 
references, helped to determine 
residual RPG debris positions, veloci-
ties, and trajectories downrange.  
Time synchronization and positioning 
of cameras, combined with post-
processing parallax correction tools, 
also aided data collection efforts.

In addition, to assist with RPG debris 
observations, a witness wall was 
erected to help identify RPG debris 
trajectories and penetration capabili-
ties.  The RPG debris data acquired 

Figure 5.  RPG Launcher, KKV Launcher, HTK Fire Control System.

Figure 6.  RPG Debris Characterization KKV Test Setup at NAWCWD.
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from testing led to the development of 
RPG debris threat files to support 
vulnerability analysis.  WKV testing 
used the same setup as the KKV 
testing, with the exception of the KKV 
launcher gun, which was replaced 
with the WKV warhead fixture, and 
break-screen trigger arrangement 
(shown in Figure 7).

Testing (shown in Figure 8) was able to 
successfully characterize RPG debris 
resulting from KKV and WKV CMM 
engagements.  The testing also 
acquired data of RPG SCJ dispersions 
at long standoff distances (as shown 
in Figure 9).  The data supported the 
development of several RPG debris 
threat models supporting follow-on 

rotorcraft vulnerability and passenger 
survivability analyses efforts.

VULNERABILITY AND 
CREW AND PASSENGER 
SURVIVABILITY (CAPS) 
ANALYSES

Data captured from the Weapon 
Survivability Laboratory testing 
performed at China Lake were used to 
develop an RPG threat, which would 
feed into the Advanced Joint 
Effectiveness Model (AJEM).  This 
RPG threat, in conjunction with AJEM, 
was used to estimate rotorcraft 
vulnerability, as well as CAPS.  The 
objective of this analysis was to 

develop and demonstrate a modeling 
and simulation (M&S) methodology for 
assessing rotorcraft vulnerability to 
RPG debris as a result of a Navy CMM 
intercepting an incoming RPG at a 
specified distance from the rotorcraft.  
The objective was twofold: 

 � Determine the change in the 
rotorcraft’s vulnerability as a result of 
an RPG engagement with and 
without the Navy CMM.

 � Determine the change in the 
rotorcraft’s CAPS metrics as a result 
of an RPG engagement with and 
without the Navy CMM.

The project analysis leveraged work 
performed under a previous JASP 
project, a CH-53E integrated CAPS 
analysis.  As part of the project, the 
Navy developed a methodology to 
assess the survivability of aircraft 
personnel against hostile threats in 
the context of aircraft survivability.  
The AJEM data files created for the 
previous project were modified and 
subsequently used for this project. 

A total of 33 aspect angles were 
assessed for the AJEM runs.   
Figure 10 illustrates these angles  
on a notional aircraft.

Table 1 lists the five crash levels that 
factored into the primary CAPS 
metrics (the Probability of Exactly “i” 
Casualties [Ei] and the Expected 
Number of Casualties [EC]).  These 
metrics both depend on the crash level 
of the incident.

In addition to the five crash levels 
specified above, the CAPS analysis 
also considered casualty mechanisms 
(shown in Table 2) responsible for 
crew and passenger casualties.  A 
crash mechanism defines how the 
casualty occurred.  

Figure 7.  WKV Warhead Setup.

Figure 8.  RPG Engagement - WKV Warhead Testing.

Figure 9.  RPG Engagement - SCJ Formation.
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For the project, the five crash levels (in 
Table 1) and the four casualty mecha-
nisms (in Table 2) were used to assess 
the rotorcraft’s CAPS metrics.  The 
CAPS metrics were assessed for each 
of the five scenarios (shown in Table 3) 
to satisfy the overall objective of the 
analysis.

CONCLUSIONS

Results gathered from the AJEM runs 
involving the five aforementioned 
scenarios were successful in determin-
ing an optimal standoff distance from 
the rotorcraft, allowing for minimal 
casualties while also minimizing the 
rotorcraft’s probability of kill (PK) in the 
event of an RPG engagement. 
Additionally, this project’s analysis 
created a methodology framework 
that can now be used in future 
analyses involving APS CMM engage-
ments with incoming RPG threats. 

ABOUT THE AUTHORS

Mr. Marty Krammer is an aircraft 
vulnerability engineer at the Naval Air 

Figure 10.  Aspect Angles Assessed in AJEM.

Crash Level Description
Catastrophic Crash beyond structural limits, leaving no survivable space.
Critical Crash landing beyond crashworthy limits of aircraft, but not 

catastrophic.
Marginal Crash landing beyond structural design limits, but within 

crashworthy limits.
Minor Hard landing within aircraft structural limits.
Minimal Noncritical damage.  Aircraft is able to return-to-base (RTB) 

and land safely.

Table 1.  Definitions for CAPS Analysis

Casualty 
Mechanisms Description

Direct Casualty A casualty that occurs as a direct result of the threat, to 
include penetration, thermal, and blast effects.

Cascading 
Casualty 

Casualties that occur due to the cascading effects of the 
threat (e.g., fire), excluding effects caused by the crash or 
by failure to egress.  Cascading casualties can be caused 
by damaged components near the occupant causing a 
reaction that releases secondary mechanisms that injure 
the occupant (e.g., fire, smoke, hot fluid, overpressure, 
blunt force, etc.).

Crash Casualty A casualty that occurs during the crash element of the 
incident (due to blunt trauma, deceleration, penetration, 
etc., but not including fire [which would come under the 
cascading or egress mechanism]).

Egress Casualty A casualty that occurs during the egress portion of the 
incident.  This includes blocked egress and post-crash 
fire effects (thermal, toxicology, etc.).

Table 2.  Casualty Mechanism Definitions

Scenario Description
“Dud” RPG warhead fails to detonate; round treated as basic 

kinetic energy (KE) projectile.
Residual Debris CMM intercepts incoming RPG and disables SCJ 

warhead; resultant debris field from the APS CMM 
impacts the RPG still flying toward target.

Intermediate 
Standoff Distance

CMM intercepts incoming RPG at an intermediate 
distance from rotorcraft; damage effects comprise the 
jet itself, as well as the post-intercept debris field flying 
toward the target.

Long Standoff 
Distance

CMM intercepts incoming RPG far away from the 
rotorcraft; damage effects comprise the jet itself, as 
well as the post-intercept debris field flying toward the 
target.

Baseline CMM fails to intercept incoming RPG; RPG remains 
intact and fully functional as it impacts the target.

Table 3.  Run Scenarios Used in AJEM
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The HH-60W (shown in Figure 1) is the U.S. Air Force’s replacement for the aging HH-60G 
Pave Hawk helicopters, whose primary mission is combat search and rescue and personnel 
recovery.  Based on the in-production UH-60M, the HH-60W has been modified to meet 
unique mission needs, including larger internal fuel cells, increased survivability, updated 
mission systems, and aerial refueling capability.  This article, which is a follow-on to articles 
in the fall 2017 and fall 2018 issues of Aircraft Survivability, presents an overview of the 
HH-60W aircraft, the status of the LFT&E program, and an overview of the plan for the next year.  

THE HH-60W 
LFT&E PROGRAM:  
AN UPDATE
by Samantha Block

Sikorsky Photo
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Due to the commonalities among the -60 
Hawk fleet and the many years of 
relevant combat data, the Combat 
Rescue Helicopter (CRH) Live Fire Test 
and Evaluation (LFT&E) team is operat-
ing under a full-up, system-level (FUSL) 
waiver, approved by the Director, 
Operational Test and Evaluation 
(DOT&E).  Therefore, the HH-60W 
Alternative Test Plan LFT&E strategy 
focuses on new and modified compo-
nents and subsystems to determine the 
system-level survivability (susceptibility 
and vulnerability) of the aircraft as well 
as to assess the occupant force 
protection.  Leveraging the combination 
of existing LFT&E test data and combat 
data helps the Department of Defense 
(DoD) and industry to understand the 
challenges of balancing operational 
needs and the state of technology/
industry to continue to improve aircraft 
survivability.

The first flight of the HH-60W was 
completed on 17 May 2019 at Sikorsky’s 
Developmental Flight Center in West 
Palm Beach, FL, thus kicking off the joint 
Sikorsky/Air Force flight test program 
(see Figures 2 and 3).  Flight testing will 
occur in phases as the aircraft hardware 
and software configurations are 
modified and new airworthiness 
releases are obtained.  

REFUELING LINES

A building block approach is being used 
in the refueling line testing to maximize 
test efficiency and understand test 
variable effects before conducting 
production-representative testing.  The 
overarching goal of the test series is to 
determine the vulnerability of the 
HH-60W to threat-induced damage to 
fuel lines (including aerial refueling 
lines), such as leaks, fires, and starva-
tion.  Phase I LFT&E testing of the 
refueling lines, which was conducted to 
evaluate self-sealing line leak character-
istics, was completed in late 2018, 
giving the team actual data to inform 
Phase II testing.

Phase II, conducted in April 2019, was 
completed using an iron bird replica to 
evaluate the potential for sustaining dry 
bay fires underneath the cabin floor.  
Production-representative fuel transfer 
lines and fittings were used along with 

Figure 1.  The HH-60W (Sikorsky Photo).

Figure 2.  First Flight of the HH-60W (Sikorsky Photo).

The HH-60W has been modified 

to meet unique mission needs, 

including larger internal fuel 

cells, increased survivability, 

updated mission systems, and 

aerial refueling capability.
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realistic threats, assessing various 
shotline configurations impacting fuel 
hoses, fittings, and structural compo-
nents.  Dry bay conditions were 
monitored using thermocouples, 
external standard-speed cameras, and 
external high-speed cameras.  Any 
damage caused by sustained fires was 
documented thoroughly.  The results of 
Phase II testing is being used to 
determine the need for Phase III testing, 
which if required, will be conducted on 
an HH-60L surrogate aircraft.  

CABIN AND COCKPIT 
ARMOR

Given the expected operational use of 
the aircraft, the HH-60W is designed 
with parasitic armor in the cabin and 
cockpit to increase occupant force 
protection against realistic operational 
threats.  Designed to afford a greater 
level of protection than the HH-60G, 
ballistic qualification of the armor 
system is aimed at maximizing effective 
coverage.  The joint Air Force/Sikorsky/
supplier team worked through the 
challenge of maximizing ballistic 

performance around unique features in 
the armor design, including quick-
release pucks, attachments/fittings, 
high-use occupant areas, and panel 
edges.

Qualification testing, completed in May 
2019, included vibration testing for 
aircraft installation and ballistics, with 
completion of environmental testing to 
follow.  During ballistics qualification, 
the team encountered a concern with 
excessive backface deflection and 
worked to evaluate the risk of significant 
occupant injury by using a test proce-
dure described in body armor testing.  
Using a combination of test standards 
as a result of actual results encountered 
in testing is an example of the integra-
tion of the systems specification 
qualification and LFT&E teams.  This 
approach creates efficiency in the 
overall program schedule as well as 
better overall occupant protection while 
meeting qualification standards and 
LFT&E standards.

LFT&E of the armor system will begin 
with representative coupons to 

determine baseline performance of the 
armor against operationally relevant 
threats using DOT&E-approved statisti-
cal analysis methodologies.  The results 
of the coupon testing will inform testing 
of full panels installed on a surrogate 
H-60L aircraft.  The results of this 
testing, which is planned to take place 
in late 2019, will be incorporated into 
the overall aircraft vulnerability analysis 
report, and then into the consolidated 
LFT&E report, prior to the full-rate 
production decision.

FUEL CELL

The HH-60W fuel cell was completely 
redesigned to account for the extended 
combat radius and increased aircraft 
weight (as compared to the UH-60M 
baseline aircraft).  Qualification test 
activities began in late 2016, continued 
throughout 2017 and 2018, and were 
completed in early 2019.  LFT&E testing 
of the fuel cell will begin in 2019 and 
will include testing to characterize the 
system’s performance against the 
combat environment in which the 
HH-60W is designed to operate.  The 
system will be tested to operationally 
relevant threats in a production-repre-
sentative installed configuration, and 
the results will be analyzed for incorpo-
ration into the Integrated Survivability 
Assessment.

Figure 3.  First Flight Test Articles for the HH-60W LFT&E Program (Sikorsky Photo).

The HH-60W is designed with 

parasitic armor in the cabin 

and cockpit to increase occu-

pant force protection against 

realistic operational threats.
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INFRARED SIGNATURE

The HH-60W incorporates various 
design upgrades intended to increase 
overall aircraft survivability, including an 
upturned exhaust system.  The inclusion 
of this system is anticipated to change 
the aircraft’s infrared signature when 
compared to the HH-60G.  A joint test 
that encompasses developmental test, 
operational test, and LFT&E objectives 
will be conducted to determine the 
aircraft’s signature in a variety of flight 
modes.  The signature will then be 
analyzed against the anticipated 
operational environment to determine 
the aircraft’s posture.  If required, the 
tactics, techniques, and procedures will 
be updated to reflect the changes.  Once 
again, this joint approach provides 

efficiencies in the overall test program 
and reflects the truly integrated nature 
of the CRH LFT&E team.  

FUTURE PLANNING

In 2020, the CRH LFT&E team will aim to 
complete all LFT&E testing and work to 
incorporate the results into the various 
analyses in support of the consolidated 
report, including Ballistic Vulnerability 
Analysis, Occupant Casualty Analysis, 
Integrated Survivability Analysis, and 
Low-Energy Laser Analysis. 
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The JECM IPT has enabled the Services 
to combine and optimize efforts on 
production, development, and testing, 
ultimately resulting in more consistent 
Service requirements, reduced costs, 
and improved CM performance.  The 
success of the team is epitomized by its 
consistent growth in membership, 
adaptability to current issues, and 
successful coordination between 
industry, the Government, and the 
Warfighter.  The JECM IPT is truly 
making a difference.  

FORMATION OF THE  
JECM IPT

The year is 2004.  America is leading the 
Global War on Terror, and Operation 
Iraqi Freedom is less than a year old.  
Hostile man-portable air defense 
systems (MANPADS) are engaging our 
forces, and aircraft losses are highlight-
ing a critical need for improving 
protection against these threats to save 
American lives and complete the 
mission. 

At the same time, the joint Air Force/
Navy Advanced Strategic and Tactical 
Infrared Expendables (ASTE) program 
was ending, and each Service found 
itself working separately on new CM 
development and, in some cases, even 
paying vendors for the same tasking.  
Urgently needed was a better way for 
the aircraft expendable community to 
communicate on a routine basis and 
avoid duplication of efforts. 

The Joint Aircraft Survivability Program Office (JASPO) is pleased to recognize the Joint Expendable 
Countermeasures Integrated Product Team (JECM IPT) for its Excellence in Survivability.  Currently 
led by Mr. Juan Patino (Army), Mr. Tommy Sanders (Navy), and Mr. Andrew Schirack (Air Force), the 
JECM IPT has been the tri-Service leader for aircraft expendable countermeasures (CMs) for the 
last 15 years.  

EXCELLENCE IN SURVIVABILITY
THE JOINT EXPENDABLE 
COUNTERMEASURES INTEGRATED 
PRODUCT TEAM

By Robert Lyons

Figure 1.  Build It, Load It, Dispense It—The JECM IPT Is Involved in All Aspects of Aircraft Expendable CMs, Including Requirements, Development, Testing, Safety, 
Security, and Procurement.  
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Enter Mr. Tommy Sanders (Navy),  
Mr. Rene Medina (Army), and Mr. Pete 
Stoddard (Air Force).  Using their 
initiative and old-fashioned elbow 
grease, the Joint Flare IPT was formed 
in May 2004, with an initial attendance 
of 23 people.  Subsequently chartered 
by each Service in 2006, the team 
changed its name to the “JECM IPT” to 
illustrate its growth beyond flares and 
into all aircraft CM expendables.  The 
team’s vision was simple:  provide the 
best expendable CM solutions to the 
Warfighter in the shortest amount of 
time.

As stated in the founding charter, the 
specific objectives of the JECM IPT are 
to:

 � Provide a common focal point to 
identify, address, and resolve flare 
[later changed from “flare” to 

“expendables”]  capability require-
ments, development, and 
procurement issues that cut across 
Services. 

 � Facilitate the information 
exchange between the Warfighter, 
Acquisition Program Managers, 
technical personnel, and the indus-
trial base.

 � Reduce the number of single-issue ad 
hoc meetings and IPTs that Services 
must support (i.e., optimize exist-
ing meetings).

 � Educate, interface, and enhance 
communication within the services, 
the Office of the Secretary of 
Defense, Congress, and industry. 

 � Provide a forum to address common-
ality, interoperability, compatibility, 
and integration issues. 

 � Pursue development of a Flare 
[later changed from “Flare” to 

“Expendables”]  Roadmap; ensure 
linkage with each Service’s Mission 
Area and Concept of Operations. 

Focused on aircraft expendables due to 
their unique size, weight, and dispenser 
constraints, a key component of the 
early JECM IPT years was addressing 
new covert flares fielded by the Air 
Force, Army, Navy, and Special 
Operations Command.  More than a 
decade later, the charter is still appli-
cable, but the JECM IPT has evolved to 
include expendable radio frequency 
countermeasures (RFCMs) and an 
increasing emphasis on CM dispensing 
systems, modeling and simulation 
(M&S) efforts, and technique 
development. 

JECM IPT MEETINGS 

JECM IPT meetings have grown from 
1–2 dozen participants gathering for  
1 day every 3–4 months to more than 
100 participants gathering twice a year 
for 2 ½-day meetings, with the Services 
taking turns hosting at various locations.

The major topics of each JECM IPT 
include: 

 � Production and Procurement
 � Strategic Planning
 � Testing, M&S (both IR and RF)
 � Development (S&T) and Product 

Improvements.

These topics may be further broken 
down into different briefings on 
particular subtopics.  The intelligence 
community also provides a significant 
contribution through the latest threat 
briefs and access to subject-matter 
experts.  Other topics periodically 
included are the vendor Internal 
Research & Development (IRAD) briefs 
and Flare Safety Council meetings.  Held 
approximately every 18 months, Flare 
Safety Council meetings focus on safety 
issues regarding the production of CMs.  

In addition, the JECM group has been 
extremely active in both coordinating 
and supporting test events.  Some tests 
series last for a month or longer, with 

THE DEFINITION OF “EXPENDABLE”

According to the JECM IPT, an 
“expendable” typically refers to a 
one-time-use item, historically 
referred to as chaff, flares, or 
decoys.

Deployed from an aircraft counter-
measure dispenser system (CMDS), 

flares (pyrotechnic) and decoys 
(pyrophoric) function in the infrared 
spectrum.  Chaff functions in the 
radio frequency spectrum.  

New CMs such as towed decoys 
will further expand the definition of 
an expendable.

Figure 2.  A C-5 Ejects Flares Over Eglin Air Force 
Base.  
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testing occurring nearly every night.  
These events may have helicopters, 
fighters, bombers, and transport aircraft 
making multiple passes and collecting 
data against multiple seekers and other 
types of instrumentation.  As such, 
every JECM meeting includes discus-
sions and planning for upcoming flight 
test events, including, more recently, 
international (i.e., NATO) test events.  
Coordination of the schedules starts 
more than 6 months prior to the actual 
testing to ensure CMs, aircraft, test 
equipment, seekers, and personnel are 
available to maximize the value and 
efficiency of the testing.  

The JECM IPT is open to Department of 
Defense (DoD) (military and civilian) and 
DoD support contractors interested in 
helping to protect aircraft from surface-
to-air and air-to-air threats.  Typical 
attendees are involved with the design, 
development, production, and testing of 
CMs.  Contractors that produce CMs are 
also routinely invited to brief their IRAD 
funding efforts and other relevant 
company-specific information (e.g., 
tooling updates and safety 
improvements). 

SUCCESS AND IMPACT

The JECM IPT has achieved much of its 
success through close cooperation 
among the Services to advocate and 
work toward common expendable CM 
capabilities.  This close cooperation has 
entailed harmonization of Service 
requirements to leverage procurement 
buys and support sustainment of the 
industrial base.  It has brought industry, 
Government, and the Warfighter 
together in a forum effectively leverag-
ing expendable development/production 
programs to standardize product lines 
and lower costs, and it has provided a 
focal point for aircraft expendable 

testing.  This has resulted in significant 
cost savings across numerous efforts, 
especially for the Joint Strike Fighter.

The JECM IPT is instrumental in 
coordinating updated/upgraded test 
capabilities to allow all Services to 
evaluate CMs.  It provides the aircraft 
survivability equipment (ASE) commu-
nity with an opportunity to discuss M&S, 
verification and validation issues, and 

development of new CM and/or flare 
patterns.  Shared scheduling maximizes 
test asset utilization, thereby reducing 
costs to move test equipment unneces-
sarily.  In addition, development of 
common testing and data interpretation 
procedures or methods allows for 
comparison of different CM types and 
patterns across the Services.  The 
tri-Service flare database is an example 
of the JECM IPT assisting programs 

2019 
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SURVIVABILITY 
S Y M P O S I U M
Evolving Today’s Force to Dominate Tomorrow’s Threat

Government Keynote: MG Tim Gowen, ARNG
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with a joint database of flares available 
across the Services.

The JECM IPT also leads efforts to 
develop joint Security Classification 
Guides (SCG) to support both IR and RF 
expendable CM efforts.  In the past, 
each Service used its own CM flare SCG, 
and these different documents often did 
not agree.  A Joint Flare SCG was thus 
coordinated between the Services so 
that now, during a combined flight test, 
data are handled consistently at the 
same security level regardless of which 
Service is dispensing CMs.  A Joint RF 
Expendable SCG is currently under 
development.

WHAT’S NEXT?

As for the future, the expendables 
community will continue to develop new 
types of expendable CMs to address 
emerging threats, while also continuing 
with existing designs to address the 
fielded threats that are already preva-
lent.  These efforts will include the 
Navy’s round-to-square common 
carriage conversion, as well as a 
continued push toward more common 
solutions between the Services and 
potentially our NATO counterparts.  

The JECM IPT will be at the forefront of 
these efforts and looks at expanding its 
vision.  Potential new areas of interest 
include an increasing emphasis on 

dispenser systems (e.g., ALE-47), 
consideration of the situational aware-
ness (e.g., missile warning system and 
radar warning receiver) aspects of 
deploying CMs, and synergy with other 
CM systems, such as laser directed 
energy infrared countermeasures 
(DIRCMs).

Congratulations to the JECM IPT for 
their excellence in survivability and for 
their ongoing efforts to protect the U.S. 
Warfighter.

On a final note, JASPO would like to 
wish fair winds and following seas to 
Mr. Tommy Sanders on his imminent 
retirement from the Government after 
nearly 47 years of service.  His experi-
ence and friendship will be greatly 
missed. 
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Characterizing cavity dynamics after a hydrodynamic ram (HRAM) event is a vital part of 
aircraft safety and survivability.  In a combat situation, an aircraft’s fuel tank is susceptible to 
high-energy impacts from bullets, missile fragments, or other projectiles [1].  These impacts 
cause pressure fluctuations in the fuel tank, which can cause structural and equipment dam-
age [2, 3].  Additionally, when a projectile hits an aircraft’s fuel tank, a cavity is created.  This 
cavity is composed of fluid, fluid vapor, and ambient gases; and it creates a region of low 
pressure in the aircraft’s tank [4, 5].  As the cavity collapses, fluid is then forced out of the 
orifice generated by the HRAM event [5].  Accordingly, development of a method to charac-
terize cavity dynamics to accurately predict cavity collapse is needed.  A model predicting the 
cavity phases during an HRAM event could also provide accurate predictions of fluid ejection.

APPLICATIONS OF SECOND-
ORDER LINEAR DIFFERENTIAL 
EQUATIONS TO MODEL A 
HYDRODYNAMIC RAM CAVITY

by Adam Nesmith, Andrew Lingenfelter, Joshuah Hess, and David Liu
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HRAM events are well documented and 
researched.  Disimile and Toy [6] found 
spurt characteristics were influenced by 
the kinetic energy of the projectile.  The 
transient spray was separated into 
multiple phases, and it was found that 
at least two of these phases occur 
during an HRAM event [3].  Previous 
research has examined the fluid flow 
rate through the orifice after an HRAM 
event [7].  Additionally, recent work has 
determined the variability of discharge 
coefficients of an orifice created during 
an HRAM event [8].  It was also found 
that cavity geometric features are one 
of the factors contributing to transient 
spray [9].  These important properties of 
the orifice and the cavity have provided 
greater understanding of the dynamics 
of the cavity.  Furthermore, knowing 
how cavity phases relate to the spray 
through the orifice has opened the 
opportunity to further analyze how 
cavity dynamics relate to fluid ejecta.

A model is needed to predict the 
oscillation of the cavity as it expands 
and collapses after an HRAM event, as 
shown in Figure 1.  Figure 1(a) shows the 
maximum displacement of the cavity 
before collapse when the projectile hits 
the tank.  Figure 1(b) displays the 
displacement of the cavity after this 
initial collapse, before expanding again 
in Figure 1(c).  When the cavity collapses 
again, it experiences another local 
minimum displacement, as seen in 
Figure 1(d).  Each of these maxima and 
minima is plotted with its respective 
frame letter in Figure 2.  The current 
research models the repeated expansion 
and collapse of the cavity as a single 
degree of freedom spring-mass-damper 
system.

The damping coefficient and natural 
frequency of the cavity are estimated 
from this model.  Knowing the damping 
coefficient, the natural frequency, and 

the cavity displacement allows for the 
estimation of the magnitude of the 
system’s forcing function for the cavity’s 
first expansion and collapse.  
Additionally, the energy dissipation is 
calculated from the damping coefficient, 
natural frequency, and the cavity 
displacement.  Integrating the energy 
dissipation numerically using the 
trapezoidal method gives the energy of 

the cavity’s radial expansion.  The 
percentage of projectile kinetic energy 
that causes the radial expansion of the 
cavity is then obtained using the 
magnitude of the forcing function and 
the rate of energy dissipation of the 
cavity.  This result gives greater 
understanding of where the energy of 
the projectile dissipates during an 
HRAM event, thereby allowing 

Figure 1.  View of Post-Impact Cavity Oscillation From Side of Tank From HRAM Image Data for Test 3.  
Projectile Was a 0.95-cm Steel Sphere, and Projectile Velocity Was 1,200 m/s.  Local Maximum Displacement 
Is Shown in (a) and (c), and Local Minimum Displacement Is Shown in (b) and (d).

Figure 2.  Example of Cavity Oscillation for Test 3.  Projectile Impact Velocity Was 1,200 m/s.

(a) (b)

(c) (d)
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researchers to better understand HRAM 
events.  Additionally, combining this 
spring-mass-damper model with another 
mathematical model, such as the 
Rayleigh-Plesset equation, could provide 
researchers a better understanding of 
cavity dynamics.

METHODOLOGY

Experimental Setup and 
Measurements

For the HRAM test, a projectile accel-
erator fired a spherical ball bearing into 
a tank of water.  The experiment setup, 
methodology, and equipment are 
detailed in previous work [9].  This 
current research used the data collected 
from the 1,200, 1,495, and 1,800-m/s 
projectile velocity tests.  These differing 
velocities were selected to measure the 
effect of the projectile’s kinetic energy 
on the cavity’s geometry [9].  
Displacement data of the cavity were 
acquired using a Phantom high-speed 
camera at 28,000 frames/second.

The cavity’s maximum and minimum 
displacements were measured after the 
data were collected.  Sample frames 
used for Test 3 calculations are shown in 
Figure 1.  The images selected for 
measuring displacement were imported 
into numerical analysis software to 
analyze the number of pixels the cavity 
radially expanded.  These displacement 
measurements were made at constant 
time steps.  The displacement was then 
converted from number of pixels to 
centimeters using a conversion factor.  
The time stamps where each of these 
displacements occurred were calculated 
using the camera’s frame rate.  These 
measurements were made for each of 
the four different projectile velocity 
tests.  Using this displacement data, the 
spring-mass-damper model was applied 
to the cavity oscillation.

Figure 2 shows an example plot of the 
cavity displacement for Test 3.  
Examining the plot, it is apparent the 
cavity displacement curve does not fully 
exhibit the oscillation expected for a 
spring-mass-damper system.  The local 
minima of the plot, represented by 
points b and d, are sharp peaks.  This 
points to the existence of a restoring 
force, which is not represented by the 
spring-mass-damper model.  To correct 
this and still use the spring-mass-
damper model, a few changes to the 
model were made.  The first was using 
the half-natural frequency for the model 
rather than the full natural frequency.  
This was accomplished by using the 
period from projectile impact to the first 
cavity collapse.  Additionally, since the 
spring-mass-damper model cannot 
capture the sharp peaks caused by the 
restoring force, each peak is modeled 
separately.  For this current research, 
only the first peak was modeled using 
the spring-mass-damper model subject 
to the initial conditions of the projectile 
impact.

Theoretical Model

To model the cavity as a spring-mass-
damper system, a number of simplifying 
assumptions were made.  The first 
assumption was the cavity model only 
accounts for one degree of freedom.  
The cavity’s expansion and collapse thus 
do not predict the horizontal elongation 
of the cavity.  The second assumption 
was the cavity’s radial expansion was 
symmetrical about the center line where 
the projectile entered.  The third 
assumption was the mass of displaced 
water was equal to the cavity’s volume 
multiplied by the density of water.  
Another assumption was the mass of 
water displaced remained constant 
during cavity oscillation.  The final 
assumption was the tank acted as the 
spring in the vibrating system and the 

water in the tank provides the viscous 
damping.  Therefore, this model takes a 
holistic approach to HRAM, capturing 
tank stiffness, water mass, and ullage.

The governing second-order differential 
equation for a single degree of freedom, 
spring-mass-damper system subject to a 
transient force is:

        (1)

where x is the cavity displacement, (∙) is 
the time derivative,  is the damping 
coefficient,  is the natural frequency 
of the system, F(t) is the transient 
forcing function, and m is the mass of 
the system [10].  As previously stated, 
this current research uses the half-
natural frequency for  because of the 
sharp peaks in the displacement plot 
caused by restoring forces acting on the 
cavity.  Solving equation 1 to find the 
general displacement function, x(t), 
when subjected to the forcing function, 
F(t), results in: 

 
(2)

where ,  is a 
dummy variable of integration, t is time, 
x0 is the initial displacement, v0 is the 
initial velocity, and  is the phase angle 
shift [10].  The phase angle shift is given 
by [10]:

            (3)

To find the half-natural frequency, , 
the time from projectile impact to the 
first local minimum was recorded to find 
sampling period T.  This period was 
converted to  using the equation [10]:
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                  (4)

Because the period used was from the 
projectile impact to first cavity collapse,  

 is the half-natural frequency of the 
cavity oscillation.  The first method used 
to find the damping coefficient, , 
utilized the decrement of the displace-
ment peaks given by:

             (5)

 
where  is the logarithmic decrement 
[10].  The term  was calculated from:

             (6)

where x1 is the first peak displacement, 
xn+1 is the displacement at a subsequent 
local maximum, and n is an integer 
representing a displacement peak [10].  
The accuracy of  typically increases by 
using displacements separated by a 
period [10].  Thus,  was calculated 
using the first peak displacement and 
the displacement two periods later.

To validate the accuracy of the logarith-
mic decrement method in determining  
for this model, a second method was 
used.  A graphical method estimated  
by plotting a displacement vs. time 
curve and performing an exponential 
curve fit on the peak displacements.  
This provides an internal check of the 
logarithmic decrement method to find 
how closely it represents the decay of 
the peak displacements.  Then, by 
calculating the energy dissipation using 
both values of , the degree to which 
the system damping affects the energy 
results in the model was observable.  
This in turn shows whether one method 
of calculating the cavity’s damping is 
preferable to the other.

To use the graphical method, a graph of 
the cavity’s oscillation was produced 

from the cavity’s displacement, shown 
in Figure 2.  A least-squares curve fit 
was performed on the maximum 
displacement data points to find the 
exponential decay function.  This is 
represented by the line in Figure 2.  The 
R2 values of the least-squares curve fits 
for Tests 1–4 were 0.4723, 0.8373, 
0.9820, and 0.9557, respectively.  The 
curve fits thus had differing degrees of 
accuracy.  However, the results were 
still used to calculate  to compare with 
the displacement decrement method.  
This exponential decay function is of the 
same form as the exponential term 
given by equation 2.  Since the half-
natural frequency, , is known,  is 
calculated by equating the calculated 
exponential term from the curve fit with 
−  and solving for .  The curve fit 
and displacement decrement methods 
for calculating  were applied to the 
four data sets used and their results 
compared.

Using the half-natural frequency, the 
stiffness of the system, k, was calcu-
lated using

        (7)

where mw is the mass of the water 
displaced by the cavity [10].  The mass 
of the water in the tank was estimated 
using numerical analysis software.  
First, the cavity’s shape was assumed to 
approximately resemble a cone.  The 
radius of the cavity was measured, and 
the height of the cavity was estimated 
by assuming the cavity’s sides 
decreased linearly to a point.  From this 
radius and height, the volume of the 
cavity was estimated using:

        (8)

This volume was then converted to a 
mass using the density of water.  This 
estimated mass of water displaced in 

the cavity was then used to calculate 
the stiffness of the system.  The system 
stiffness was calculated for each test 
and compared.

To find the energy to displace the 
volume of water, it was necessary to 
estimate the magnitude of the forcing 
function supplied by the projectile.  It 
was assumed the forcing function 
supplied by the projectile only affected 
the first expansion of the cavity.  This 
assumption is warranted since the 
projectile detaches from the cavity after 
the initial expansion and before the first 
cavity collapse.  Thus, a curve fit of the 
first displacement peak using the known 
responses of a spring-mass-damper 
system subject to an impulse was used.  
The impulse function was chosen 
because the projectile inputs a large 
force into the system over a relatively 
short period of time before it discon-
nects from the cavity.  From this curve 
fit, an estimate for the magnitude of the 
forcing function was obtained.

Next, the energy dissipation rate was 
found using the various system param-
eters, the estimated forcing function, 
and the calculated velocity of the cavity.  
The velocity of the cavity was calculated 
using a numerical analysis software 
from the cavity displacement and the 
time stamps.  The equation used for 
finding the energy dissipation rate was:

   (9)

where x is the cavity displacement,  is 
the calculated cavity velocity, u is the 
magnitude of the forcing function, and 
f(t) is the type of forcing function 
assumed [11].  The energy dissipation of 
the cavity was then plotted with respect 
to time.

After this, numerical integration using 
the trapezoidal method was performed 
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on the energy dissipation points 
corresponding with the first displace-
ment peak of the cavity.  The result was 
the energy required to expand the cavity 
radially.  Finally, this energy was 
compared with the kinetic energy of the 
projectile at impact, resulting in the 
percentage of projectile kinetic energy 
used in the cavity’s radial displacement.  
This process was performed on each of 
the four tests with their differing 
velocities using the two different 
calculated  values.

DATA AND CALCULATIONS

The resulting water mass, system 
stiffness, half-natural frequencies, and 
damping ratios for the four tests are 
shown in Table 1.  The calculated mass 
of water is similar for each test, with 
more water displaced the faster the 
projectile traveled.  This result is 
expected because the greater projectile 
velocity causes greater radial cavity 
displacement.  The half-natural fre-
quency of the cavity is between 234.57 
and 303.33 rad/s for the four tests.  
From the tests, the half-natural fre-
quency decreases as the projectile 
velocity increases.  The stiffness of the 
system was calculated using the mass 
of the displaced water and the half-
natural frequency of the system.  The 
stiffness calculated for each test was 
between 322.5 and 417.16 kN/m.  The 
stiffness of the system decreases as the 
projectile velocity increases.  This result 
is because the half-natural frequency is 

squared in the calculation, as previously 
shown in equation 7; thus higher 
half-natural frequencies cause higher 
stiffness calculations.

The system stiffness results confirm the 
optical observations of the test data.  In 
the tests with faster projectile velocity, 
the cavity exhibited greater displace-
ment.  This larger cavity means more 
mass was displaced after the HRAM 
event.  The stiffness of the system, k, is 
fixed for each test, and the system 
stiffness is related to the displaced 
mass and the square of the natural 
frequency, as shown in equation 7.  
Thus, if displaced mass increases for a 
test with faster projectile velocity, the 
natural frequency of the cavity should 
decrease.  The results summarized in 
Table 1 demonstrate agreement with 
this theoretical model.

Examining the results further, the 
damping of the cavity oscillation for 
each test is between 0.0289 and 
0.0565.  This means the decrease in 
cavity displacement after two cycles is 
small.  Each damping coefficient is 
significantly less than 1, which is 
expected for an underdamped spring-
mass-damper system.  However, the 
damping coefficient significantly less 
than 1 increases the likelihood of error 
in , since the difficulty of measuring 
cavity displacement increases [10].  
Lightly damped systems also exhibit 
increased oscillation magnitudes at  
[10].  The damping coefficients yielded 

from the log decrement and curve fit 
methods both agree closely.  Test 1 
exhibited the greatest difference in 
damping coefficients between methods, 
with a difference of almost 9%.

Using the results from Table 1 and 
modeling the projectile impact as an 
impulse, the results in Table 2 were 
generated.  Figures 3(a), 3(b), 4(a), and 
4(b) display the cavity oscillation plotted 
alongside the impulse response 
estimation for the first peak.  For each 
test, the percentage of the projectile’s 
kinetic energy causing the cavity’s radial 
displacement is displayed for the 
different damping coefficients.  The 
cavity’s radial expansion used between 
0.66% and 3.1% of the projectile’s 
energy among the tests.  Considering 
the shape of the cavity and the speed of 
the projectile in each test, this is a 
significant amount of energy used 
merely to expand the cavity radially at 
its widest section.  The fourth column in 
Table 2 displays the estimated energy (in 
joules) that causes the cavity expansion.  
The accuracy of this number is limited 
because it was calculated using 
numerical integration of a small number 
of data points.  To improve the accuracy 
of this energy calculation, more data 
points around the time of projectile 
impact are needed.  However, it is 
significant to note the kinetic energy 
calculations for each test are almost the 
same for both damping coefficient 
calculations.

Table 1.  Calculated Cavity Properties

Test Velocity 
(m/s)

Mass of 
Water (kg)

Half-Natural 
Frequency 

(rad/s)

Stiffness 
(kN/m)

 
(Decrement)

 
(Curve 

Fit)

Difference 
of  
 (%)

1 1,200 4.534 303.33 417.16 0.0316 0.0289 8.99
2 1,495 5.621 258.72 376.27 0.0382 0.0353 8.13
3 1,200 4.256 303.31 391.58 0.0538 0.0531 1.47
4 1,800 5.861 234.57 322.50 0.0565 0.0528 6.67
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Test u 
(N)

 
(J)

Projectile KE  
Dissipated (%)

1 0.0316 131 156.80 3.1
0.0289 130 143.1 2.8

2 0.0382 169 56.30 0.72
0.0353 167 51.75 0.66

3 0.0538 129 96.01 1.91
0.0531 128 94.60 1.88

4 0.0565 182 97.26 0.86
0.0528 180 90.87 0.80

Table 2.  Energy Calculation for Cavity Assuming Impulse Response

Figure 3.  First Displacement Peak for (a) Test 1 at 1,200 m/s and (b) Test 2 at 1,495 m/s Plotted With Impulse Response Calculated Using the Curve Fit Damping 
Coefficients.  This Impulse Response Was Matched to the First Peak of Cavity Oscillation to Estimate the Magnitude of the Forcing Function.  This in Turn Allows for the 
Calculation of Projectile Energy Dissipation in Both Tests.

 Figure 4.  First Displacement Peak for (a) Test 3 at 1,200 m/s and (b) Test 4 at 1,800 m/s Plotted With Impulse Response Calculated Using the Curve Fit Damping 
Coefficients.  This Impulse Response Was Matched to the First Peak of Cavity Oscillation to Estimate the Magnitude of the Forcing Function.  This in Turn Allows for the 
Calculation of Projectile Energy Dissipation in Both Tests.

(a) (b)

(a) (b)
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ANALYSIS

Data Analysis

Examining the results of modeling the 
first displacement peak as an impulse 
response show different levels of 
success.  For Tests 1 and 4, the theoreti-
cal model closely predicts the behavior 
of the cavity, as shown in Figures 3(a) 
and 4(b).  On the other hand, Tests 2 and 
3 exhibit considerable disagreement 
between the theoretical first collapse of 
the cavity and the data measured during 
the first cavity collapse.  This disagree-
ment is shown in Figures 3(b) and 4(a).  
A closer examination of the impulse 
response theoretical model is needed to 
analyze possible causes of these 
differing results.

The impulse response of a spring-mass-
damper system after projectile impact 
assuming x0 and v0 equal to 0 is [10]:

   (10)

Matching this theoretical model to the 
different test data required two major 
aspects.  The first was changing the 
magnitude, u, to create a maximum 
displacement equal to the measured 
data.  The second was changing the 
frequency of the sin  term of the 
equation so the maximum theoretical 
displacement occurred at the location of 
the maximum measured displacement.  
This was needed since the measured 
cavity oscillation did not complete a full 
cycle before re-expanding into the next 
peak.  This was due to a restoring force 
acting on the cavity before the cavity 
oscillation could complete a full cycle.  
Thus, to properly curve fit the theoretical 
impulse response of a spring-mass-
damper system to the measured data, 
these two parameters were estimated 
to produce a shape that matched the 
measured data.

Examining the different plots, it appears 
the variation between the theoretical 
and the measured displacement curves 
is primarily due to the rate of cavity 
collapse.  In the case of Tests 2 and 3, 
the cavity collapsed at a slower rate 
than predicted by the theoretical model.  
Conversely, Tests 1 and 4 have a more 
symmetrical first peak around the y-axis.  
This means the rate of cavity expansion 
approximately equals the rate of cavity 
collapse.  Therefore, the theoretical 
model, which assumes a symmetrical 
sine wave, predicts cavity behavior 
better for the tests that have symmetri-
cal measured displacement peak.

In summary, there are two main factors 
contributing to the discrepancy between 
the theoretical displacement model and 
the experimental displacement model.  
The first factor is the requirement of two 
parameters, the forcing function 
magnitude and the frequency shift, to 
match the theoretical model to the 
experimental data.  Because there was 
no technique in this current research to 
find these parameters, they were 
estimated.  If a technique to measure or 
calculate both parameters was devel-
oped, the accuracy of the theoretical 
model in predicting cavity behavior 
would increase.  The second factor is 
how closely the rate of cavity expansion 
matches the rate of cavity collapse.  As 
long as these two rates are similar, the 
displacement peak is symmetrical, and 
the theoretical model can predict cavity 
dynamics well.  Further work is needed 
to develop this model to better account 
for differing rates of cavity expansion 
and collapse.

Error Analysis

To accurately model the system, the 
cavity’s true radial displacement and 
true half-natural frequency are needed.  
Due to the method used in measuring 

cavity displacement, there are many 
sources of error that affect the numbers 
shown in Tables 1 and 2.  The variations 
in the calculations come from two main 
sources of error.  The first source of 
error comes in selecting the frame 
exhibiting maximum displacement from 
the optical measurements.  Choosing a 
frame introduces error because it is 
difficult to determine the exact frame 
where maximum or minimum displace-
ment occurs.  This error in determining 
the maximum or minimum also changes 
the period, T, thus affecting the 
half-natural frequency of the cavity.  
Because the half-natural frequency is 
used in subsequent calculations, this 
error is propagated through to the final 
kinetic energy calculations.

The second significant source of error 
comes from measuring the radial 
expansion of the cavity.  The cavity 
becomes increasingly asymmetric as it 
oscillates.  This increasing asymmetry 
makes measuring the radial displace-
ment of the cavity in numerical analysis 
software increasingly difficult and less 
accurate.  These difficulties in measur-
ing radial displacement introduce error 
in the damping coefficient calculations 
for both the logarithmic decrement and 
graphical methods.  Another source of 
measurement error is found in assuming 
the cavity is the shape of a cone in order 
to estimate its volume.  The discrepancy 
between the actual volume of the cavity 
and the estimated volume assuming a 
cone reduces the accuracy of the 
displaced water mass calculations.  
Because the water mass is used 
throughout the kinetic energy calcula-
tions, the error in estimating volume 
propagates through the energy 
calculations.

Quantifying these sources of error 
proves extremely difficult.  To properly 
quantify the error, a program in the 
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numerical analysis software would have 
to measure the displacement in pixels of 
the cavity images.  Implementing this in 
this current research was not possible 
due to the poor lighting quality of the 
cavity images.  However, in future work, 
better instrumentation and data 
collection techniques could make 
quantifying the sources of error inherent 
to this model possible.  In the case of 
this present research, the goal is to 
show the viability of modeling the cavity 
formed after an HRAM event as a 
spring-mass-damper model.  Although 
the error propagated through the 
calculations potentially causes inaccu-
racy in the magnitudes of the results, 
the mathematical model has the 
potential to yield accurate results 
provided better data analysis techniques 
are implemented.

Results

When analyzing the results of this 
model, it is important to note the 
limitations of this model.  One major 
limiting factor is the method of measur-
ing the cavity’s displacement.  Due to 
the lighting of the high-speed images, 
displacement measurements were not 
taken using a numerical analysis 
software.  Thus, the displacement 
measurements were made on each 
cavity image using the human eye.  
Additionally, the measurements were 
only taken at the point of maximum 
radial displacement.  This limits the 
model’s ability to account for the entire 
shape and complex displacement of the 
cavity as it oscillates.

The radial displacement was also only 
measured from the side in one direction 
from the middle of the cavity.  It is 
because of the limits of the displace-
ment measurements in this model that 
the projectile’s forcing function was 
assumed as an impulse response.  A 

more sophisticated technique in 
measuring the cavity geometry as it 
oscillates could yield better displace-
ment results that capture the cavity 
holistically.  This might result in 
assuming a different-shaped forcing 
function to model the projectile, such as 
a unit step or sawtooth pulse.  All of 
these factors limit the conclusions 
drawn from the model’s results.

However, there are a number of general 
conclusions from the results of this 
model.  First and foremost is the viability 
of modeling a HRAM cavity as a 
vibrating spring-mass-damper system.  
With the implementation of more 
thorough measuring techniques, a 
spring-mass-damper model could offer a 
straightforward mathematical approach 
to cavity dynamics modeling.  Increasing 
the model from a single degree of 
freedom to multiple degree of freedom 
potentially would increase the accuracy 
of the spring-mass-damper model.  A 
second conclusion is that both the log 
decrement and the curve fit methods for 
calculating the damping coefficient yield 
almost the same energy results.  Thus, 
only one method is sufficient for energy 
dissipation calculations.  Finally, it was 
found that the impulse response 
theoretical model can predict cavity 
displacement assuming a symmetrical 
displacement peak.  Using more 
accurate measurement techniques and 
the spring-mass-damper model could 
yield accurate results for cavity oscilla-
tion parameters such as the natural 
frequency and the damping coefficient.  
Additionally, this model can estimate the 
percentage of projectile kinetic energy 
that causes radial cavity displacement.

CONCLUSION AND 
FUTURE WORK

This research introduces a spring-mass-
damper model for predicting HRAM 

cavity oscillation.  By calculating key 
parameters and assuming an impulse 
function, a theoretical model for 
predicting cavity displacement and 
projectile energy dissipation for the first 
cavity expansion was developed.  Using 
this model, an estimate of how much 
projectile kinetic energy results in radial 
cavity expansion was obtained.  
Understanding where the energy of the 
projectile goes during an HRAM allows 
for greater understanding of cavity 
dynamics.  The viability of modeling 
cavity dynamics as a spring-mass-
damper system was shown; however, 
there is much remaining theoretical and 
experimental research needed to 
continue developing this model.

There are numerous avenues for further 
research from this current model.  From 
a theoretical modeling point of view, 
development of the impulse response to 
better model asymmetric cavity 
displacement peaks would improve the 
accuracy of the model.  Research into 
potential causes of differing cavity 
expansion and collapse rates would help 
with this.  Furthermore, development of 
a way to find the parameters used in the 
forcing function would increase the 
accuracy of the model.  From an 
experimental point of view, further tests 
can more accurately measure the 
oscillatory period and cavity displace-
ment.  This would reduce the error in the 
model, thus improving its accuracy and 
results.  Additionally, synchronized 
camera footage of the cavity at multiple 
angle would better account for the 
asymmetry of the cavity as it expands 
and collapses.

The model could also further develop to 
account for multiple degrees of freedom, 
which would better capture the cavity’s 
dynamics when it splits into multiple 
sections.  Better lighting during image 
acquisition would allow numerical 
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analysis software to measure the cavity 
displacement.  This would improve the 
accuracy of the results measuring 
displacement and oscillatory period as 
well as make the error in this model 
quantifiable.  Expanding the model to 
account for the different fluid densities in 
the cavity as well as cavity mixing as it 
collapses is another route of potential 
research.  Furthermore, applying this 
model to characterize the second and 
third peaks is another avenue of future 
research.

One possible implementation is using a 
piece-wise formulation to model each 
peak as an impulse response subject to 
different initial conditions.  Once the 
cavity expansion and collapse are 
modeled, a possible avenue of future 
research is relating the cavity radius 
dynamics to the internal pressure of the 
cavity.  This could possibly use the 
Rayleigh-Plesset equation to further 
model the cavity dynamics, particularly 
how the cavity pressure affects the 
second and third cavity displacement 
peaks.  
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SYMBOL OF SURVIVABILITY:
AFTER 75 YEARS, THE 
PLANE THAT LED D-DAY 
FLIES ANOTHER MISSION

by Eric Edwards
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This June marked the 75th anniversary 
of the D-Day operation, and it was 
altogether appropriate that many 
world leaders took time to gather in 
France to formally remember the 
historic event, to honor the many 
brave warriors who fought and fell 
there to preserve liberty, and to retell 
the stories of ordinary people over-
coming extraordinary obstacles to 
accomplish their missions.  

One such story involves the plane that 
many credit with leading the D-Day 
invasion (see Figure 1).  It was Mission 
Albany’s lead plane, a C-47A piloted by 
LTC John Donalson, Commander of the 
438th Troop Carrier Group.  Reportedly, 
the aircraft was not supposed to be 
the lead plane that day, but Donalson 
didn’t want his regular plane to 
undergo the modifications needed to 
serve as the command aircraft [2].  So, 
he chose this plane, along with its 
nickname—“That’s All, Brother”—
which was painted in large yellow 
letters on the aircraft’s nose.  The 
words, taken from a popular jazz tune 
of the day, were intended to be a 
personal message to Adolph Hitler, 
informing him that his time was up and 
the Allies were about to provide their 
long-anticipated response to Nazi 
aggression and occupation [1].  Over 
the next 24 hrs, more than 150,000 
troops would storm the beaches of 
Normandy, would fight tenaciously 

(and suffer greatly) to push back the 
enemy forces, and would successfully 
begin the liberation of Europe [3].

But for the plane that led D-Day, the 
story doesn’t end there.  After 
successfully completing two important 
missions on D-Day, as well as many 
others throughout the rest of the war, 
the historic aircraft would then fade 
into obscurity, serving as a civilian 
cargo transport for many years and 
passing through the hands of a dozen 
different owners before eventually 
finding its way to an airplane boneyard 
in Wisconsin.  There, it was awaiting 
disassembly when it was inadver-
tently discovered by two military 
historians, who helped start the 
process of bringing the plane back to 
life—as well as giving it one more 
important mission to fly.

MISSION ALBANY

A military version of the DC-3 airliner, 
the Douglas C-47A Skytrain/Dakota—
or “Gooney Bird,” as it was referred to 
by many servicemen—was typically 
operated by a four-man crew, which 
included a pilot, copilot, navigator, and 
radio operator.  However, as the 
command aircraft for Mission Albany, 

“That’s All, Brother” actually had seven 
crew members for the D-Day invasion 
(see Figure 2).  It also had an unofficial 
crew member, Donalson’s Scottish 
terrier, who reportedly rode along for 
the historic mission [1].

But it was not a pleasant ride that 
night for man or beast.  The back of 
the unpressurized C-47’s was dark; the 
sound of all the 1,200-hp, 14-cylinder 
radial piston engines was deafening; 

Figure 1.  “That’s All, Brother” in June 1944 (Photo Courtesy of CAF).

Just before midnight on the 5th of June 1944, more than 800 C-47 Skytrain and C-53 
Skytrooper transport planes took off from the Greenham Common air base in Berkshire, 
England, and headed south over the English Channel toward France.  Inside the planes rode 
approximately 13,000 American paratroopers from the 101st Airborne Division.  The objective 
of their mission—codenamed Albany—was clear:  parachute in behind enemy lines and 
capture the causeways behind Normandy’s Utah Beach, as well as several bridges, a canal 
lock, and a German coastal battery.  And they needed to do it quickly.  For following just a 
few hours behind them was what would be the largest amphibious landing in military history, 
a landing that would forever be remembered as D-Day [1, 2].
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and the combined smell of gas, oil, dirt, 
and human sweat was nauseating.  In 
addition, the planes had to fly below 
1,000 ft to avoid German radar and 
maintain strict radio silence, thus 
preventing them from being able to 
communicate and help one another 
navigate through some of the heavy 
clouds, fog, and air turbulence they 
encountered that night [1].  

Likewise, to preserve the secrecy of 
the D-Day landing site, the air armada 
first flew southwest of France before 
turning east to come in the “back door” 
of the Normandy beaches, on the 
Contentin Peninsula.  The planes flew 
in a group of three, forming a V shape, 
with three of the three-plane groups 
then forming a larger V of V’s all 
across the dark skies.  To know when 
they had reached their drop zones 
(DZs), the planes used “Mickey” (or 
H2X) ground-mapping radar, “Rebecca” 
systems (which detected radio 
beacons set up by the Pathfinder units 
on the ground), and Davis lamps 
(which the Pathfinders used to signal 

“DZ” in Morse code to approaching 
planes) [1].  

As soon as “That’s All, Brother” 
arrived over Normandy, the German 
antiaircraft guns came alive.  Flak tore 
holes into the aluminum skin on the 
plane’s right side, near the rear 
window, and the radio operator,  
SSG Woodrow Wilson, was hit and 
wounded.  Nonetheless, the plane was 
able to successfully drop its paratroop-
ers (such as those shown in Figure 3) 
at around 700 ft and return to England.  
But D-Day was not yet over for the 
aircraft and its crew.  They immedi-
ately turned around and joined the 

second wave of the invasion in France.  
For that wave—codenamed Mission 
Elmira—the plane delivered glider 
reinforcements for the 82nd Airborne 
Division, many of which had landed off 
course and/or were killed or injured [1].  

After the smoke cleared at Normandy, 
“That’s All, Brother” went on to 
participate in many other major 
operations during the war, including 
Operation Market Garden in the 
Netherlands, the relief of Bastogne 
during the Battle of the Bulge, and the 
crossing of the Rhine River during 
Operation Varsity.  The plane and its 
fellow Gooney Birds were vital in 
delivering critical American personnel 
and supplies whenever and wherever 
they were needed [1].

When the war finally ended in the fall 
of 1945, Donalson’s historic plane was 
among thousands of surplus C-47’s 
and other transport planes sold for 
civilian use.  These warbirds were 
ideally suited to haul cargo, and 

“That’s All, Brother” did just that for 
many decades before ending up in a 
museum in 1999 (painted in a 
Vietnam-era color scheme) and then 
being bought by Basler Turbo 

Figure 2.  LTC Donalson (far left) and the Crew of “That’s All, Brother” (Photo Courtesy of Barney Blankenship).

Figure 3.  101st Airborne Paratroopers Headed to Liberate Europe.
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Conversions in 2008 for conversion 
into a modernized BT-67 cargo 
transport.  Had the conversion 
occurred, it would have involved 
radically modifying and/or replacing 
approximately 70% of the original 
aircraft.  In short, little would have 
been left of the plane that led D-Day 
[1, 2].

NEW LIFE FOR 42-92847

Fortunately, as the aircraft awaited its 
seeming end at Basler’s Oshkosh, WI, 
facility (see Figure 4), Air Force 
historian Matt Scales had begun 
researching LTC Donalson and tracing 
the long history of his D-Day plane, 
which was tail-numbered 292847 
(serial no. 42-92847).  Eventually, 
Scales called Basler’s president, Randy 
Myers, and asked him if he had a 

plane with that serial number.  Myers 
confirmed that the aircraft, which he 
had bought sight unseen, was sitting 
in his boneyard awaiting disassembly.  
Scales then explained the historical 
significance of “That’s All, Brother,” 
and the men agreed that the plane 
was simply too important to lose.  
Thus, plans began to be made to bring 
the historic C-47 back to life [2].

In 2015, the Commemorative Air Force 
(CAF), a nonprofit organization 
involved in restoring and flying World 
War II aircraft, purchased “That’s All, 
Brother” and, with the help of several 
fundraising campaigns and many 
private donors, contracted Basler to 
restore the plane to its June 1944 
condition (see Figure 5).  Workers 
completely disassembled the plane, 
with the goal of retaining/preserving 

as much of the original skin as 
possible, while also focusing on 
corrosion mitigation and structural 
work.  Fortunately, the vast majority of 
the plane was found to be restorable 
[1, 2, 4, 5].

The original pistons engines and 
propellers were completely overhauled 
and remounted, as were the fuselage, 
wings, fuel lines, plumbing, hydraulics, 
and electrics.  Basler also had a 
collection of vintage C-47 parts, which 
were restored and reinstalled, includ-
ing a drift meter, celestial dome, radio 
operator’s station, navigator’s station, 
and paratroopers’ area.  The only 
parts that had to be replaced or 
upgraded were those that were 
corroded beyond repair (such as some 
of the sections of the aluminum skin), 
as well as the airworthiness 

Figure 4.  A Forgotten War Hero in a Wisconsin Boneyard (Basler Turbo Conversions Photos).

Figure 5.  The C-47 Being Brought Back to Life (Basler Turbo Conversions Photos).
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components (such as the flight control 
and engine cables, bearings, and 
pulleys).  Modern avionics were also 
added (albeit hidden behind a 1940s 
instrument panel), and CAF spent 
much time researching and returning 
interior, nonstructural components to 
their war-time condition as well [1–3].

After more than 22,000 man-hours of 
work, “That’s All, Brother” was finally 
ready to take to the skies once again 
in late 2017.  To the great pleasure of 
the test pilots, restorers, and others, 
the aircraft was found to climb, cruise, 
and fly just as it had done 7 decades 
before.  The only major thing left to do 
was return it to its original paint 
scheme, complete with its authentic, 
roughly painted D-Day stripes on the 
wings and tail section [1, 4].

ANOTHER MISSION

After completing a tour around the 
southeastern United States in early 

2019, “That’s All, Brother” was given 
another important mission to fly.  On  
5 June 2019—75 years to the day that 
the C-47A saw its finest hour—the 
plane once again took off from 
England and led a group of restored 
C-47’s over the English Channel to 
drop paratroopers and participate in a 
memorial flyover over Normandy (see 
Figures 6 and 7).  The event was part 
of a multiday 75th anniversary 

remembrance of the D-Day invasion.  
Though the group of transport planes 
was a lot smaller (only 25 or so) this 
time around, it was reportedly the 
largest group of C-47’s assembled 
there since the war.  The aircraft then 
made several other stops in Germany, 
in recognition of the 70th anniversary 
of the Berlin Airlift, as well as in 
France [6].  

As for the future of “That’s All, 
Brother”—which is arguably the most 
well-preserved D-Day C-47 now in 
existence—the plane will be based at 
CAF’s Central Texas Wing in San 
Marcos, TX.  From there, it will 
continue to tour the country, serving 
as a “flying museum” to remind current 
and future generations of the service 
and sacrifice of the men who fought to 
preserve freedom many years ago  
[3, 7, 8].

In many ways, these men, much like 
the “That’s All, Brother” plane, were 
also unlikely participants called upon 

Figure 6.  The Fully Restored Plane Taxiing in England (Photo Courtesy of Godsfriendchuck).

“That’s All, Brother” will  

continue to serve as a “flying 

museum” to remind current 

and future generations of the 

service and sacrifice of those 

who fought to preserve  

freedom many years ago.
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to do a series of enormously danger-
ous, enormously difficult, and 
enormously important tasks.  And they 
did them—bravely, humbly, and 
successfully.  And afterwards, the 
survivors likewise returned to their 
normal lives without fame or fanfare, 
often reserving the title “hero” for 
those brothers they lost overseas.

But the stark reality is that we are 
quickly losing the surviving heroes as 
well.  Less than 3% of our World War II  
veterans are reportedly still living 
today, with almost 350 now passing 
away every day [8].  Thus, most, if not 
all, of those who fought in D-Day will 
not be around to see the next major 
anniversary.  It is therefore increas-
ingly important that symbols such as 

“That’s All, Brother” (and others) be 
able to continue the mission of 
remembering these Warfighters and 
what they did.  And if the historic 
airplane can continue to live on to do 
that, perhaps it will be its most 
successful mission of all.  
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SEPTEMBER 
IEEE/AIAA 38th Digital Avionics Systems 
Conference
8–12 September 2019 in San Diego, CA
https://2019.dasconline.org/

Air Vehicle Technology Symposium
10–12 September 2019 in Dayton, OH
http://www.avtechsymposium/com/index.html

MSIC SAM Symposium
10–12 September 2019 at Redstone Arsenal, AL

AFA Air, Space & Cyber Conference
16–18 September 2019 in National Harbor, MD
https://www.afa.org/events/
calendar/2019-09-16/
air-space-cyber-conference 

JAS Program Review
24–26 September 2019 in Atlanta, GA
http://jasp-online.org/

IEEE 90th Vehicular Technology 
Conference
22–25 September 2019 in Honolulu, HI
http://www.ieeevtc.org/vtc2019fall/

Robotics and Autonomous Systems 
Summit
23–25 September 2019 in Detroit, MI
https://roboticsautonomoussystems.iqpc.com/

 
 

Advanced Solid State Lasers Conference
29 September to 3 October 2019 in 
 Vienna, Austria
https://www.osa.org/en-us/meetings/
osa_meetings/laser_congress/program/
advanced_solid_state_lasers_conference/

OCTOBER
22nd Annual Systems and Mission 
Engineering Conference
21–24 October 2019 in Tampa, FL
http://www.ndia.org/
events/2019/10/21/22nd-annual-systems-and-
mission-engineering-conference

Precision Strike Technology Symposium
22–24 October 2019 in Laurel, MD
http://www.precisionstrike.org/events-
listing/2019/10/22/psts19

Propulsion Technical Meeting 2019
29–30 October 2019 in Hampton, VA
https://vtol.org/events/
propulsion-technical-meeting-2019

NOVEMBER

2019 Aircraft Survivability Symposium
5–7 November 2019 in Monterey, CA
http://www.ndia.org/
events/2019/11/5/0940-2019-aircraft

DECEMBER
Aircraft Structural Integrity Program 
Conference
2–5 December 2019 in San Antonio, TX
http://www.asipcon.com/

JANUARY
DoD CBRN Survivability Conference
14–15 January 2020 in San Diego, CA
https://vtol.org/
events/2020-transformative-vertical-flight

Transformative Vertical Flight 2020
21–23 January 2020 in San Jose, CA
https://vtol.org/
events/2020-transformative-vertical-flight

66th Reliability and Maintainability 
Symposium
27–30 January 2020 in Palm Springs, CA
http://www.rams.org/

FEBRUARY
VFS Rotorcraft Handling Qualities 
Technical Meeting
18–20 February 2020 in Huntsville, AL
https://vtol.org/handling

Note

The inclusion of an event in this calendar does not necessarily reflect the endorsement of that event or its sponsoring organization(s) by the Joint Aircraft Survivability 
Program Office or the Defense Systems Information Analysis Center.


