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anticipated.  Likewise, we have seen development and deployment of increasingly complex and 
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and progressing up to the recently developed F-35 and KC-46 aircraft.  The pace of progress has 
been rapid since 1973; and, amazingly, COVART has remained a viable tool for performing ballistic 
vulnerability studies on aircraft all this time.  It may have been slow to adapt to advancements in 
computing technology, but it has remained a tool of choice for studies supporting even the latest 
aircraft.

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

The Combat Rescue Helicopter (CRH) is an Acquisition Category (ACAT) 1C program based 
at Wright-Patterson Air Force Base, OH, and included on the Office of the Secretary of Defense’s 
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search and rescue and personnel recovery operations for all U.S. military services.  The USAF 
designated this aircraft the HH-60W.  The Director, Operational Test and Evaluation (DOT&E) 
determined that the CRH is a covered system for Live Fire Test and Evaluation (LFT&E).  Due to 
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“North Korea’s President Kim Il Sung launched his ground forces south of the 38th parallel at 
0400 hours on June 25, 1950.  Eleven hours later, two propeller-driven North Korean Yak-9P 
fighters appeared over Seoul International Airport and strafed seven Republic of Korea aircraft.  
At nearby Kimpo, two more Yaks shot up the control tower, blew up a fuel tank, then set an 
American C-54 transport on fire.”
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An article in the summer 2015 issue of Aircraft Survivability discusses the successful rapid 
development of the Advanced Ballistic Stopping System (ABSS) armor developed by The 
Protection Group (TPG), in conjunction with the U.S. Army Aviation Development Directorate, the 
Applied Aviation Technology Directorate, the U.S. Naval Air Systems Command (NAVAIR), and the 
Special Operations Command.  The development was achieved in 180 days, a truly remarkable 
accomplishment in today’s acquisition process.  The 2015 article details how the ABSS armor 
uses an ultra-high-molecular-weight-polyethylene material that meets strict requirements set 
forth by the Combat Mission Need Statement (CMNS) in support of CV-22 troop protection.  
Under the CMNS, the material went through a rigorous verification and validation test series, 
which included environmental qualification, ballistic qualification, material property characteriza-
tion, and structural stress analysis.
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SYSTEMS:  THE NEXT STEP IN FUEL TANK 
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by Harry R. Luzetsky

While aircraft survivability technology has made significant advances over the years, the 
United States still relies on self-sealing fuel tank technology that was developed and imple-
mented in the early 20th century.  Without a self-sealing fuel cell, a penetration event (e.g., 
ballistic impact) yielding a hole in the tank can result in fuel leakage, which can decrease the 
vehicle range and result in an in-air fire.  The first successful demonstration of a self-sealing fuel 
tank reportedly occurred in May of 1927 by the Navy Bureau of Standards.  The layered-wall tank 
consisted of galvanized iron walls with felt, gum rubber, and Ivory soap whitening paste sand-
wiched in between.  By World War II, a more advanced, lighter design was developed and 
implemented on U.S. military aircraft.  This design, which remains largely unaltered on today’s 
military aircraft, consists of a layer of unvulcanized rubber sandwiched between two layers of 
vulcanized rubber.  Upon penetration by a projectile, fuel flows through the hole, causing the 
unvulcanized layer to swell and seal the puncture.
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NEWS NOTES By Dale 
Atkinson

AIRCRAFT FIRE HAZARDS, 
PROTECTION, AND 
INVESTIGATION COURSE

An Aircraft Fire Hazards, Protection, and 
Investigation course is being held from 
30 October though 1 November in 
Woburn, MA.  The 3-day course, hosted 
by BlazeTech Corporation, will cover a 
wide range of issues associated with 
fire and explosion hazards on commer-
cial and military aircraft, including 
fundamental concepts, initiating events 
and evolution, systems survivability, 
design issues, protection methods, and 
forensic implications.  Specific topics 
will include:

 � Flammability of Fuels, Oils, and 
Hydraulics

 � Fuel Tank Fire and Explosion
 � Engine Fires
 � Post-Crash Fires
 � Li- Battery Fires (in Cabins and Cargo)
 � Flammability of Polymeric Materials
 � Cabin Fires
 � Fires in Cargo and Hidden Areas
 � Smoke and Fumes
 � Electrical Wiring Fires
 � Flammability of Composite Structures
 � External Hazards That Can Impact 

Aircraft

 � Fire Detection Systems
 � Fire Suppression Systems
 � Aircraft Accident Investigation
 � Summary of Fire/Explosion Pattern 

Recognition

For more information about the course, 
contact firecourse@blazetech.com.  

JMUM CELEBRATES  
20 YEARS

On 12–14 June, more than 100 model 
users, developers, managers, stakehold-
ers, and other aircraft survivability 
practitioners gathered at the Air Force 
Institute of Technology (AFIT) at 
Wright-Patterson Air Force Base, OH, for 
the 2018 Joint Aircraft Survivability 
Program (JASP) Model Users Meeting 
(JMUM).  This year’s meeting, hosted by 
JASP and administered by the Defense 
Systems Information Analysis Center 
(DSIAC), marked the 20th year of the 
gathering, as well as its highest 
attendance to date.  

Originally called “DEAFCRAB” meetings 
(which reflected the names of the 
models discussed there—DREAM, 
ESAMS, ALARM, FASTGEN, COVART, 
RADGUNS, AJEM, and Brawler), the 

event was renamed “JMUM” in 2003.  
The purpose of the JMUM is to bring 
together community members to share 
insights and lessons learned and to 
discuss the latest developments and 
updates of JASP-sponsored and other 
models used throughout the aircraft 
survivability/vulnerability industry.

Technical presentations this year were 
given by representatives of the National 
Air and Space Intelligence Center 
(NASIC); National Ground Intelligence 
Center (NGIC); Office of Naval 
Intelligence (ONI); Air Force Office of 
Studies, Analyses, and Assessments; 
Air Force Life Cycle Management 
Center; AFIT; 704th Test Group; Naval 
Surface Warfare Center Dahlgren 
Division, Naval Air Warfare Center 
Weapons Division, Aircraft Shoot Down 
Assessment Team; Army Research 
Laboratory; Institute for Defense 
Analyses; Booz Allen Hamilton; TETRA; 
Raytheon; ManTech/SRS; Cummings 
Aerospace; Lockheed Martin; and the 
SURVICE Engineering Company.

Topics for the JMUM plenary session 
included the following:

 � Threat Updates
 � China Integrated Air Defense System
 � Intel/Threat Briefing
 � NGIC Models:  Threats to Airborne 

Systems
 � JMUM Naval Surface-to-Air Missile 

(SAM) Update
 � Aircraft Combat Data Update
 � Brawler Overview - Air Combat 

Simulation
 � Computation of Vulnerable Area Tool 

(COVART)/Vulnerability Toolkit (VTK) 
Overview 

(South Carolina Air National Guard Photo/TSgt J. Intriago)
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 � Enhanced Surface-to-Air Missile 
Simulation (ESAMS) Overview

 � Leveraging Modeling and Simulation 
for the Development of Tactics, 
Techniques, and Procedures

 � Joint Laser Systems Effectiveness 
(JLaSE) Overview and Joint Technical 
Coordinating Group for Munitions 
Effectiveness (JTCG/ME) Joint 
Munitions Effectiveness Manual 
(JMEM) Support Events 
Joint Anti-Air Combat Effectiveness 
(J-ACE):  Joint Anti-Air Model 
(JAAM) 5.3/5.4 and Endgame 
Manager (EM) v5.4

 � BlueMax 6 Overview

 � Applications of Second-Order Linear 
Differential Equations to Model a 
Hydrodynamic Ram (HRAM) Cavity

 � Flow Properties Through a 
Ballistically Generated Orifice During 
an HRAM Event.

In addition, the meeting included 2 days 
of breakout sessions to provide more 
focused information and discussions for 
the Surface-to-Air, Air-to-Air, and 
Survivability/Lethality Model Groups, 
respectively.  Topics for these sessions 
are shown in Table 1. 

For more information about the 2018 
JMUM or to find out about future 
meetings, contact DSIAC’s Alfred Yee at 
alfred.yee@dsiac.org.  

Surface-to-Air 
Model Group

Air-to-Air 
Model Group

Survivability/Lethality 
Model Group

 � ESAMS 5.4 Overview  � Brawler 8.4 Release  � COVART Updates

 � ESAMS Development Updates  � Brawler Ongoing Work  � Next Generation Fire Model (NGFM) – HRAM and Flash Status

 � In-Phase and Quadrature (I/Q) Level 

Early Warning Radar Simulation

 � JASP-Sponsored Software 

Change Request Fixes for FY19

 � Advanced Joint Effectiveness Model (AJEM)/MUVES Updates

 � Air-Launched Vehicle Option in 

ESAMS 5.4

 � Electronic Support Measures 

(ESM) Resource Management

 � AJEM/MUVES Dimensional Shotlining

 � J-ACE Demo  � AJEM/MUVES Dimensional Penetrator Application

 � Agile Modeling and Simulation Environment for R&D (ARMER) Demo  � Miniature Self-Defense Munition and Debris Avoidance

 � Hybrid Integration and Visualization 

Engine (HIVE) Overview

 � Brawler Configuration Control 

Board (CCB)

 � F-35 Live Fire Testing & Vulnerability Analysis

 � Helicopters in ESAMS  � Argo/Brawler Integration 

Update

 � Characterization of the Rocket-Propelled Grenade (RPG) Threat in 

COVART

 � Air Defense Artillery - North Korea  � Artificial Intelligence (AI) Radar 

Model Development

 � RPG-COVART Integration

 � ESAMS CCB  � PLMAIN Modifications and 

Brawler/JAAM Surface-to-Air 

Missiles (SAMs)

 � Modeling and Simulation of Blue Aircraft Survivability to 

High-Energy Laser Irradiation (MSAS)

 � Antenna Modeling in ESAMS  � Quilt Plot Analysis Tool (QPAT) 

for JAAM

 � Laser Effects Modeling - LaserFX

 � ESAMS-to-Suppressor Comparison  � Whitebook 2.1 – A Dynamic 

Supplement to AFTTP 3-1

 � Laser Effects Modeling – Effectiveness Toolbox (ETB)

 � ONI Threat Model Upgrades  � Common Threat File Updates

 � Early Warning Radar Update  � Fast Air-Target Encounter Penetration (FATEPEN)/ Projectile 

Penetration (ProjPen) Model Updates and Roadmap

 � AJEM/MUVES Roadmap

 � Fast Shotline Generator (FASTGEN) and COVART CCB

Table 1.  JMUM Breakout Session Topics
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JCAT CORNER By Lt. Col. Andrew Roberts, CW5 Scott 
Brusuelas, and CDR Jay Kiser

The Joint Combat Assessment Team 
(JCAT) has remained steadfastly 
committed to training and equipping 
combat assessors for worldwide 
deployment so that they can evaluate 
aviation combat damage incidents, 
assess the threat environment for 
operational commanders, and collect 
data to support aircraft survivability 
research and development.  Ultimately, 
we strive to improve the survivability of 
our Warfighters and weapon systems.  

Since our last update, the joint team has 
been busy completing phase two and 
three of our three-phase process to 
certify new JCAT assessors.  The Navy 
hosted phase two at the Naval Air 
Warfare Center in China Lake, CA, the 
week of 5 March.  The phase two 
course is designed to build upon the 
student’s phase one training with 
additional classroom-based training, 
threat education, simulated field-based 
events, and event report-outs.  The 
competency shown by this year’s class 
was impressive, with each member 
performing numerous assessments on a 
variety of aircraft platforms that had 
multiple weapon system effects in an 
environment representative of locations 
in Iraq and Afghanistan.  

After phase two, we focused on phase 
three, our annual Threat Weapon & 
Effects (TWE) Training.  The Army 
hosted this year’s event at Hurlburt 
Field, FL, in April 2018, training more 
than 160 attendees.  The training draws 
information from threat exploitation, live 
fire testing, and combat experience to 
provide a complete picture on threat 
lethality.  Briefings were conducted each 
day by subject-matter experts across 
the Department of Defense (DoD), 

intelligence, industry, and operational 
communities.  The live fire event was 
conducted on the Eglin AFB test range 
and included various weapons targeted 
at aircraft and aircraft components.  

The event provided a rare opportunity 
for the attendees to gain exposure to 
threat munitions/missiles, test articles, 
and damaged aircraft components.  
Figure 1 shows an example of the 
effects of hydrodynamic ram on an 
aircraft structure, which attendees were 
able to inspect on the range.  

The entire team would like to thank all 
of the briefers from across the DoD who 
dedicated their time and support to 
make this year’s event a success.  The 
informative briefs were insightful and 
helped educate DoD agencies and 
industry on current efforts to make our 
aircraft more survivable.  Additionally, 
the team would like to thank the entire 
Eglin AFB Range Control team for their 
perseverance with scheduling and 
support during the range time. 

While on station, JCAT was also 
fortunate to be able to divert to Tyndall 
AFB and spend some time with the 82nd 

Aerial Targets Squadron, where we 
inspected a QF-16 that experienced an 
in-flight weapon strike (see Figure 2).  A 
special thank you goes to Lt. Col. Matt 
Garrison for hosting our team and 
providing valuable insight to this 
important mission.

Navy JCAT members CDR Kiser,  
LT Calvitto, LCDR Kiefer, and ENS Garcia 
attended a 3-day weapons qualification 
training at MCB Quantico as guests of 
CDR Matt Ahlers, commanding officer  
of Commander, Submarine Group 10, 
Submarine Force Protection Detachment 1  
(COMSUBGRU 10 FP DET 1).  All members  
attained qualifying scores for day and 
night proficiency and tactics courses, led 
by multiple senior masters at arms, 
using the M9 service pistol, M4 service 
rifle, M240 medium machine gun, and 
M500 service shotgun.  This type of 
small arms training will be critical to 
individual readiness and unit protection 

Figure 1.  Hydrodynamic Ram Effect.
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during future JCAT Outside the 
Continental United States (OCONUS) 
deployments within multiple areas of 
responsibility.

Finally, the Army, Air Force, and Navy 
teams participated in a joint training 
weekend at Wright-Patterson AFB to 
focus on a variety or programmatic, 

team-building, and training exercises, 
along with a capability review with 
supporting elements.  Highlights of the 
weekend include meeting representa-
tives of the Air Force Research 
Laboratory to review capabilities they 
provide for event analysis, touring the 
Defense Systems Information Analysis 
Center and the test range to review live 

fire testing capabilities on aircraft 
structures, and performing two threat 
weapons effects analyses on simulated 
downed aircraft.  In addition, while 
together, we finalized our annual 
programmatic review, revised the JCAT 
Standard Operating Procedure, and 
established plans for FY19.  

Figure 2.  QF-16.



AS Journal 18 / FALL jasp-online.org  8

by Rodney Stewart 

ONWARD TO 
HIGHER PRECISION:  
COVART 7.0

The last 45 years have brought great advances in the realms of computing and aircraft design.  In 
terms of computing, we have seen the advent of desktop computing, the Internet, smartphones, 
cyber security, and a host of other advances that previous generations had hardly anticipated.  
Likewise, we have seen development and deployment of increasingly complex and technologically 
advanced aircraft, starting with systems such as the A-10 and F-16 in the 1970s and progressing up 
to the recently developed F-35 and KC-46 aircraft.  The pace of progress has been rapid since 1973; 
and, amazingly, COVART has remained a viable tool for performing ballistic vulnerability studies on 
aircraft all this time.  It may have been slow to adapt to advancements in computing technology, but 
it has remained a tool of choice for studies supporting even the latest aircraft.

COVART 7.0, released in the summer 
of 2018, represents the next step in 
higher-precision ballistic vulnerability 
analyses.  It supports advances in 
projectile and fragment penetration 
estimation methodologies, provides 
improved means for assessing the 
sensitivity of COVART results to 
penetration estimation errors and 

threat inputs, and sunsets some 
antiquated features that no longer 
hold the value that they once did for 
the community.  Ultimately, these 
changes are intended to equip 
analysts with the tools they need to 
answer ballistic vulnerability questions 
into the future.

PENETRATION 
METHODOLOGY UPDATES

One factor that has historically limited 
the precision of ballistic vulnerability 
analyses over the years has been the 
simplistic nature of the penetration 
methodologies available to the 

(Boeing Photo/J. Parker)
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community.  Back in the 1970s, the 
test community did not have the 
equipment and computing resources 
available today, so the community had 
to make simplifying assumptions about 
threat and plate orientations observed 
in testing.  As illustrated in Figure 1, 
threat orientation was often simplified 
into a single, two-dimensional, yaw 
angle.  Likewise, plate orientation was 
reduced to a single, two-dimensional, 
obliquity angle.  These simplifications, 
while understandable, led to imprecise 
evaluations of the relative orientation 
between the threat and plate, which 
led to errors in penetration assess-
ments that rippled through the 
system-level results of studies.

Over the past 20 years or so, however, 
the Fast Air Target Encounter 
Penetration (FATEPEN) and Joint 
Technical Coordinating Group for 
Munitions Effectiveness (JTCG/ME) 
Projectile Penetration (ProjPen) 
modules have been improved to 
consider the orientation of threats and 
plates more precisely.  FATEPEN was 
updated to employ three dimensions 
and six degrees of freedom back in the 
late 1990s, while ProjPen was recently 
updated to same level of precision 
under Joint Aircraft Survivability 
Program (JASP) Project M-15-03, 
which was completed last year.  With 
the availability of improved methodolo-
gies, all that remained was to enable 
COVART to fully use these features.

COVART 7.0 (the deliverable of JASP 
Project V-17-04) enables users to 
access these higher-precision penetra-
tion estimation features in FATEPEN 
and ProjPen.  As illustrated in Figure 2, 
users can now define threat (frag-
ments and projectiles) orientations in 
terms of pitch, yaw, and roll; and 
COVART can track plate orientations in 
terms of pitch and yaw.  Further, 
COVART continues to maintain its 

support for the spin stabilization of 
projectiles, which was initially 
introduced in COVART 6.9.  With these 
changes, COVART 7.0 is able to 
provide more realistic assessments of 
threat penetration.

Besides enabling penetration assess-
ments in three dimensions, COVART 7.0  
also provides the means to observe 
the average results from a range of 
input threat orientations.  Older 
versions of COVART used to support a 
similar feature for fragments only, but 
COVART 7.0 supports this feature for 
fragments, armor-piercing/armor-
piercing incendiary projectiles, and 
even high-explosive rounds.  No longer 
do users need to make multiple runs to 
mitigate the deterministic nature of 
the software; they can run multiple 
orientations at once and capture the 
average results.  Between the 
improvements in orientation tracking 
and the ability to run multiple orienta-
tions in the same run, users are able to 

reach the next level of fidelity in 
assessments with COVART.

SENSITIVITY FEATURES

Coupled with higher-precision penetra-
tion assessments, COVART 7.0 also 
provides users improved capabilities 
for observing the sensitivity of their 
results to various threat penetration 
and definition errors.  Two new 
features are provided to allow users to 
(1) observe how errors in residual 
penetration parameters impact total 
target results (i.e., the Penetration 
Sensitivity Feature) and (2) observe 
how differences in selected threat 
inputs change the software’s answers 
(i.e., the Threat Input Sensitivity 
Feature).  These features are designed 
to provide data useful for the verifica-
tion and validation (V&V) of ballistic 
vulnerability analysis packages 
(software and inputs) developed using 
COVART.

Figure 1.  Traditional Simplified Threat and Plate Orientations.

Figure 2.  Enhanced COVART Threat and Plate Orientation Definitions and Tracking.
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The Penetration Sensitivity Feature 
gives the user the ability to observe the 
effects of penetration errors on 
system-level vulnerability results.  With 
this feature, the user can provide error 
distributions (i.e., means and standard 
deviations for normal distributions [see 
Figure 3]) for selected penetration 
parameters (currently limited to residual 
mass, residual velocity, residual pitch, 
and residual yaw), which COVART uses 
to modify FATEPEN and ProjPen outputs 
at each threat-target intersection.  Due 
to the stochastic nature of using error 
distributions, the feature also includes 
the capability to run Monte Carlo 
iterations at the shotline level.  The 
feature processes shotlines a user-
determined number of times, returns 
selected shotline metrics for each 
iteration, and reports the average 
response across all iterations in the 
final system-level results.  

This feature will be used in sensitivity 
studies involving several aircraft for 
JASP Project V-18-02, and the results 
will be used to build vulnerability 
response models that can estimate the 
expected change in system-level 

results due to changes in penetration 
error distribution parameters.  Further, 
these models will help the community 
to identify the accuracy required from 
FATEPEN and ProjPen to support 
accurate ballistic vulnerability assess-
ments and inform plans for future 
penetration methodology 
improvements.  

The Threat Input Sensitivity Feature 
provides the means to rerun complete 
analyses to observe the impact of 
potential errors in threat inputs.  This is 
a brand-new feature for COVART, and 
the threat inputs initially supported 
include fuze delay time, fuze delay 
distance, fragment ray randomization 
seed, initial threat orientation, threat 
aim point, projectile spin rate, and 
gridded ray randomization seed.  When 
using this feature, users receive a 
complete set of results for each 
iteration the user defines, as well as 
the average system-level results across 
all iterations.  In varying these threat 
inputs, users are able to define specific 
values to run for each input, provide the 
parameters for a uniform distribution of 
the input, or provide the parameters for 

a normal distribution of the input.  The 
goal with this feature is to provide the 
means to overcome the deterministic 
nature of COVART when it comes to 
certain analysis options (especially for 
high-explosive rounds).  Between the 
Penetration Sensitivity Feature and the 
Threat Input Sensitivity Feature, users 
have new tools to evaluate the sensitiv-
ity of their analyses to how COVART, 
FATEPEN, and ProjPen model threats.

LEGACY MODE REMOVAL

With the progress that has been made 
over the years with COVART, the time 
has arrived to phase out numerous 
features that, while useful at one time, 
have been replaced with better 
methodologies.  In COVART 7.0 and 
subsequent releases, features such as 
the Point Burst Generator (PGEN) 
replacement mode, the old JTCG/ME 
fragment penetration equations, and 
the FASTGEN and COVART legacy 
modes will be disabled and removed.  
Removing these items improves our 
ability to maintain the software and 
eliminate some of the issues involved 
with these older features.

PGEN replacement mode was a 
target-sampling methodology that 
enabled users to determine where 
fragments impacted targets.  The 
methodology used uniformly distributed 
diverging rays and, when vectoring 
fragments due to the velocity of the 
threat at detonation, would often place 
multiple fragments on the same ray.  
The use of this methodology became 
problematic when the user did not 
specify a sufficient number of uniform 
diverging rays, leading to many 
fragments essentially hitting the same 
components and missing important 
critical components that could have 
system-level consequences.  This 
methodology has been replaced with Figure 3.  A Normal Distribution.

2.15% 13.6% 34.1% 2.15%13.6%34.1%

µ + 2σ µ + 3σµ + σµµ – 2σµ – 3σ µ – σ

68.2%

95.4%

99.7%
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the higher-fidelity Advanced Diverging 
Ray (ADRaM) approach.  This 
approach, which was initially provided 
in FASTGEN 5.2.1 in 2003, individually 
flies each fragment from the threat.  
The sampling with ADRaM is much 
better (i.e., fragments have an 
opportunity to impact more critical 
components within an aircraft model); 
and with the new Threat Input 
Sensitivity Feature, users are better 
able to understand the average 
response of their aircraft to high-
explosive rounds.  

The old JTCG/ME fragment penetra-
tion equations have been in COVART 
since its genesis in 1973.  Over the 
years, however, the limitations of 
these equations have been noted, and 
support for the resulting module has 
been largely nonexistent.  In addition, 
any capability provided by these 
equations has been entirely replaced 
by FATEPEN, which will be the 
standard for fragment penetration 
assessment well into the future.  
While the data are limited to indicate 
that FATEPEN is, indeed, more 
accurate than these older equations, 
based on the recent emphasis on the 
V&V of FATEPEN, it is likely much more 
accurate now than the old equations 
ever were.

Finally, the FASTGEN and COVART 
legacy modes in COVART6 were 
features that allowed users to interact 
with COVART as they did with the 
older versions of the software.  
Because the introduction of the 
integrated mode (a feature combining 
ray tracing and vulnerability 
assessment in a single software 
execution) in 2008, the state of the art 
has advanced to the point where 
these legacy features can be disabled.  
The capability to preprocess FASTGEN 
targets will be provided by a 

standalone FASTGEN driver, 
eliminating the need for a feature 
within COVART.  Furthermore, the 
capability to reuse shotlines (a key 
benefit of the COVART6 legacy mode) 
between integrated mode runs is 
provided via the restart mode feature 
currently available in the software.  
With suitable replacements in place, 
these older legacy features can be 
removed.  Overall, sunsetting these 
outdated features will lead to a better 
product for our users, as the 
development team will be able to 
focus on the most important portions 
of the software in the future.

CONCLUSION

The pace of the progress we have 
seen over the last 45 years is showing 
no signs of abating.  The COVART 
development team is dedicated to 
tracking these changes and creating a 
product that improves our users’ 
ability to perform high-fidelity ballistic 
vulnerability studies.  Accordingly, 
COVART 7.0 takes advantage of the 
higher-precision penetration calcula-
tion methodologies available today, 
provides tools to facilitate the V&V of 
analysis products, and removes clutter 
from outdated legacy features.  The 
goal is to build a foundation with 
COVART 7.0 that sets up the next 45 
years of ballistic vulnerability analysis. 
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by Samantha Block

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

The Combat Rescue Helicopter (CRH) is an Acquisition Category (ACAT) 1C program based at Wright-
Patterson Air Force Base, OH, and included on the Office of the Secretary of Defense’s Oversight 
List.  The U.S. Air Force (USAF) program of record calls for 112 helicopters to replace the Air Force’s 
rapidly aging HH-60G Pave Hawk helicopters, which perform critical combat search and rescue and 
personnel recovery operations for all U.S. military services.  The USAF designated this aircraft the 
HH-60W.  The Director, Operational Test and Evaluation (DOT&E) determined that the CRH is a 
covered system for Live Fire Test and Evaluation (LFT&E).  Due to the considerable amount of test 
and combat data available on Black Hawk variants, the program obtained a full-up, system-level Live 
Fire Test (LFT) waiver.  To meet LFT statutory requirements, the program developed a DOT&E-
approved Alternative Test Plan.  This article, which is a follow-on to an article in the fall 2017 issue 
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.  

(Sikorsky Image)
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MISSION AND SYSTEM 
OVERVIEW

The HH-60W (shown in Figure 1) is a 
rotary-wing, dual-piloted, multi-engine 
aircraft based on the in-production 
UH-60M helicopter.  It will carry a 
crew of two pilots and two special 
mission aviators.  The primary mission 
of the HH-60W is to recover isolated 
personnel from hostile or denied 
territory.  USAF personnel recovery 
forces are also expected to operate 
under a wide range of environmental 
conditions and require the capability 
to operate from main operating bases, 
forward operating locations, and near 
and aboard single- and multi-spot U.S. 
Navy surface ships.

The HH-60W air vehicle will be 
capable of employment day or night, in 
adverse weather, and in a variety of 
threat spectra, as identified in Joint 
Operating Concepts.  These spectra 
include terrorist attacks and chemical, 
biological, radiological, and nuclear 
threats.  The system will also execute 
humanitarian missions, civil search 
and rescue, disaster relief, medical 
evacuation, and noncombatant 
evacuation operations.  In short, the 
platform is designed as a safe, 
effective, reliable, available, and 
maintainable platform.  It integrates a 
new mission computer, incorporates 
existing line replaceable units for 
mission systems, and has provisions 
for air refueling.

The HH-60W has a few significant 
design differences from the production 
UH-60M, in addition to its mission 
support systems.  These changes 
include added ballistic protection, an 
air refueling receiver capability, and 
enlarged internal fuel tank(s).  These 
three areas and their components are 
the focus of testing to be accom-
plished in the CRH LFT&E program.

The $1.48 billion Engineering and 
Manufacturing Development (EMD) 
contract includes development and 
integration of the aircraft and rescue 
mission systems, as well as delivery of 
four CRH EMD helicopters, five System 
Demonstration and Test Articles 
(SDTA), and training systems.  The first 
three aircraft and six training systems 
are in production as of June 2018.  
Production of the first aircraft is 
expected to be completed this fall, and 
first flight is planned to commence 
before the end of 2018.  

OVERALL LFT&E SCOPE 
AND TIMELINE

The overall goal of the CRH LFT&E 
Program is to conduct a comprehen-
sive evaluation of the system’s 
survivability (aircraft, aircrew, and 
passengers) to expected ballistic and 
advanced threats while completing its 
mission.  The team is capitalizing on 
applicable previous LFT&E activities to 
the greatest extent possible, incorpo-
rating the results of previous testing, 

verification activities, and analyses 
(vulnerability combat data, qualifica-
tion tests, system safety, 
crashworthiness, existing models, and 
other tests) in its determination of the 
additional testing and analyses 
required to support the LFT&E 
program.  

The LFT&E strategy presents an 
approach to determine the system-
level survivability (susceptibility and 
vulnerability) of the aircraft as well as 
assess the occupant force protection.  
The initial strategy was approved 
shortly after contract award and 
updated following the Air Vehicle 
Preliminary Design Review.  The 
strategy is reviewed at LFT&E 
Working Group meetings at least 
quarterly for any necessary changes/
additions as the program works to 
close the Critical Design Review and 
move into formal developmental 
testing.  

FLIGHT CREW ARMORED 
SEAT TESTING

The first LFT&E test conducted for the 
HH-60W was the flight crew armored 
seat bucket (shown in Figure 2).  The 
objective of the test series was to 
collect data to be used to evaluate the 
effectiveness of the flight crew 
armored seat bucket when subjected 
to ballistic impacts by an operationally 
relevant threat.  Data, analyses, and 
lessons learned from previous armor 

Figure 1.  The HH-60W (Sikorsky Image).
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programs were used to assist in the 
development of the test plan.  The test 
series (the setup for which is shown in 
Figure 3) used production-representa-
tive test articles and statistically 
significant test procedures for assess-
ing the ballistic response of the armor.

The results from this test series will be 
incorporated into the Department of 
Defense (DoD)-approved vulnerability 
analysis.  Vulnerability analysis results 
and results from Integrated Test and 
Evaluation susceptibility tests, com-
bined with DoD-approved susceptibility 
models, will be incorporated into the 
Integrated Survivability Assessment to 
evaluate the overall survivability 
posture of the HH-60W to ballistic and 
advanced threats expected to be 
encountered in real-world, operational 
environments.  This test series was not 
a seat armor qualification test program 
but an independent evaluation of the 
effectiveness of the seat when 
subjected to ballistic impacts.

Testing was successfully completed, 
meeting the primary objective of 
establishing a ballistic response curve 
for the seat bucket against the selected 
operationally relevant threat.  A 
three-phase optimal design (3pod) 
strategy was used to establish the 
ballistic response curve with 80% 
confidence intervals.  The detailed test 
report will be submitted to DOT&E 
(LFT&E), including an analysis of the 
test results, identification of variables 
that influenced test results, comparison 
to pre-test predictions, and an investi-
gation for potential differences in 
results for various impact locations.  

REFUELING LINE TESTING

The next LFT&E test being conducted 
for HH-60W is ballistic testing of the 
refueling line to evaluate the likelihood 

of dry bay fire ignition and a resultant 
sustained fire from threat-induced 
damage.  The primary reasons to 
evaluate the aerial refueling system 
under LFT&E are as follows:

 � The system includes a self-sealing 
feed and a return fuel line that are 
routed under the floor.

 � LFT&E has not been conducted on 

larger diameter self-sealing refueling 
lines.

 � The leakage rates associated with 
larger lines and certain ballistic threats 
are unknown.

 � Dry bays exist where an ignition could 
occur.

 � Sufficient materials exist around the 
dry bays that could lead to threat 
functioning.

Figure 3.  Test Setup for Seat Testing (U.S. Air Force Photo).

Figure 2.  Flight Crew Armored Seat (Sikorsky Photos).
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 � Understanding is needed on whether 
there is sufficient oxygen and fuel to 
sustain a fire, if ignited.

Test objectives will be met by the 
following:

 � Using realistic threats against 
production-representative fuel 
transfer lines and fittings.

 � Assessing the fuel leakage character-
istics of the self-sealing lines after 
ballistic impacts.

 � Measuring and assessing penetration 
and flash/functioning characteristics 
upon impact of the fuselage, struc-
ture, aerial refueling system, and 
subsystem components.

 � Assessing the likelihood of fuel 
ignition and a subsequent sustained 
fire.

 � Monitoring temperatures in the dry 
bay beneath the cabin floor.

This test series will leverage a 
building-block approach to maximize 
test efficiency and to understand/
quantify test variable outcome/ 
effects before conducting the 

production-representative testing.  
Phase 1 will evaluate the self-sealing 
line leakage characteristics.  Phase 2 
will evaluate the likelihood of sustain-
ing dry bay fires in a replica test 
article.  Phase 3 will evaluate the 
likelihood of sustaining dry bay fires in 
a production-representative fuselage 
test article.  Data from each phase will 
inform the test planning for subse-
quent phases.  

CABIN AND COCKPIT 
ARMOR QUALIFICATION 
TESTING

The HH-60W cabin and cockpit armor 
system comprises a passive armor 
plating kit designed to provide ballistic 
protection for occupants.  Qualification 
testing consists of verifying ballistic 
performance during and after expo-
sure to fluid; expected environmental 
exposures; and shock, vibration, and 
acceleration profiles expected during 
vehicle service life.  MIL-STD-662F is 
being used as the basis for the 
qualification testing. 

Following successful completion of 
this qualification test series (expected 
in 2018), the LFT&E team will accept 
delivery of LFT&E production-repre-
sentative test articles.  Figure 4 shows 
some of the results from cabin armor 
testing.    

NEXT YEAR’S FOCUS

In the next 12 months, cabin and 
cockpit armor will undergo LFT&E 
testing after the completion of 
qualification testing.  The objective of 
this test series is to collect data that 
can be used to assess the effective-
ness of the HH-60W armor system 
when subjected to ballistic impacts by 
operationally relevant threats.  The 
results of coupon testing will be 
leveraged for development of the 
installed armor system test series.  
Because qualification testing focused 
on meeting a zero-penetration 
requirement for the specification 
threat, LFT&E will attempt to establish 
comprehensive ballistic penetration 
curves to allow for estimation of the 
isolated armor performance against 

Figure 4.  Cabin Armor Testing (U.S. Air Force Photos).
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operationally relevant threats.  The 
test data and post-test analysis will be 
compared to the armor vendor’s 
qualification test results where 
applicable and will provide information 
to develop a strategic test plan for 
system-level testing of the installed 
armor. 

LFT&E testing of the newly designed 
fuel cell will follow in late 2018 and 
will include testing to characterize the 
system’s performance against the 
combat environment within which the 
HH-60W is designed to operate.  The 
LFT&E program is leveraging the 
qualification test activities that began 
in late 2016, continued throughout all 
of 2017, and are anticipated to be 
complete in 2018.  The system will be 
tested to operationally relevant 
threats in a production-representative 
installed configuration, and the results 
will be analyzed for incorporation into 
the Integrated Survivability 
Assessment.  

All developmental testing, LFT&E, 
modeling and simulation, and analysis 
results will be included in the final 
LFT&E consolidated report submitted 
to DOT&E LFT&E prior to the Full Rate 
Production Decision Review, as 
required by law.  
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by David Legg

AIRCRAFT 
SURVIVABILITY – 
THE KOREAN WAR

“North Korea’s President Kim Il Sung launched his ground forces south of the 38th parallel at 
0400 hours on June 25, 1950.  Eleven hours later, two propeller-driven North Korean Yak-9P 
fighters appeared over Seoul International Airport and strafed seven Republic of Korea aircraft.  
At nearby Kimpo, two more Yaks shot up the control tower, blew up a fuel tank, then set an 
American C-54 transport on fire” [1].

F4U-4 Corsairs and AD Skyraiders Off the North Korean Coast, August 1951 (U.S. Navy Photo)

A MIX OF THE OLD AND 
NEW

The onslaught of troops and armor of 
the Democratic People’s Republic of 
Korea (i.e., North Korea) into the 
Republic of Korea (ROK) (i.e., South 

Korea) caught U.S. and Allied air 
forces in the middle of transitioning, at 
least in part, from World War II-era 
piston-engine to jet-powered aircraft.  
The U.S. Air Force (USAF) was 
equipped with a mix of piston-engine 
aircraft (e.g., the B-29 Super Fortress 

heavy bomber, the B-26B/C Invader 
medium bomber, the F-51D Mustang 
fighter/bomber, and the F-82G Twin 
Mustang) as well as jet-powered 
aircraft (e.g., the F-80C Shooting Star 
fighter/bomber, the F-84 Thunderjet 
fighter/bomber, and the F-86 Sabre 
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fighter).  The F-86 would be the only 
swept-wing, jet-powered aircraft to 
see combat with the USAF, U.S. Navy 
(USN), or United Nation (U.N.) air 
forces during the Korean War.

The USN and U.S. Marine Corps 
(USMC) also included a mix of piston-
engine aircraft (e.g., the F4U-4/4B/5N 
Corsair fighter/bomber [such as the 
one shown in Figure 1], the AD 
Skyraider attack aircraft, and the 
F7F-3N Tigercat night fighter) and 
jet-powered aircraft (e.g., the F9F-2/5 
Panther fighter/bomber, the F2H 
Banshee fighter/bomber, and the 
F3D-2 Skyknight night fighter).  

The Royal Navy’s Fleet Air Arm (FAA) 
and Royal Australian Navy (RAN) were 
equipped with piston-engine aircraft.  
These included improved versions of 
the World War II-era Supermarine 
Seafire fighter/bomber and the Fairey 
Firefly attack aircraft as well as the 
immediate post-World War II Hawker 
Sea Fury fighter/bomber [2].  In 
addition, the South African Air Force 
(SAAF), ROK Air Force (ROKAF), and 
Royal Australian Air Force (RAAF) 
were equipped with the P-51D 
Mustang. 

On the other side of the conflict, the 
North Korean Air Force (NKAF) was 
equipped with a variety of World  
War II-era Soviet piston-engine-pow-
ered aircraft, including the heavily 
armored IL-2 and IL-10 Sturmovik 
ground attack aircraft, the YAK-7 
fighter, the YAK-9 fighter, the LA-7 
fighter, the LA-11 fighter, and the PO-2 
biplane trainer/light attack aircraft [2].

The Allied air forces had little problem 
in dealing with the NKAF.  However, 
this situation started to change when, 
in November of 1950, Russian-piloted 
MiG-15 swept-wing jets were first 
encountered over Korea.  At the time, 
the Russians did not acknowledge that 
their pilots were flying over North 
Korea.  And it has taken more than 50 
years for the full story of their involve-
ment to become known.  Like their U.S. 
and U.N. counterparts, many of these 
pilots were veterans of World War II [1, 
3, 4].

The MiG-15, which was primarily 
designed as a bomber interceptor, 
included armor protection for the pilot, 
a bullet-resistant windscreen, self-
sealing fuel tanks, a rugged structural 
design, and heavy armament, includ-
ing two 23-mm and one 37-mm 

cannon.  The MiG-15 was superior in 
performance to all Allied fighter 
aircraft with the exception of the F-86 
Sabre.  In addition, the MiG-15 had the 
advantage of a more lethal cannon 
armament compared to the F-86, F-84, 
and F-80C .50-caliber machine gun 
armament.  Russian MiG-15 Korean 
War ace Col. Yevgeniy Pepelyayev 
stated, “The American .50-caliber 
machine guns acted on our aircraft like 
peas.  It was routine for our aircraft to 
return home with 40 or 50 hits” [1].  In 
contrast, some USAF bomber crews 
dubbed MiG-15 (cannon) fire “horizon-
tal flak” [5].

THE SURFACE-TO-AIR 
THREAT

Facing the Allied air forces was the 
anti-aircraft artillery (AAA) threat 
posed by the North Korean forces.  
This threat included various small 
arms; 12.7-mm machine guns; the 
single or dual-mount M1941 25-mm 
cannon (with an effective ceiling  
of 4,000 ft and a rate-of-fire of 
240–250 rounds/minute); the M1939 
37-mm cannon (with an effective 
service ceiling of 4,500 ft and a 
rate-of-fire of 160–180 rounds/minute); 
and the M1938 75-mm and M1939 

Figure 1.  F4U-4 Corsair Preparing to Make a Rocket Attack on a North Korean Bridge, September 1951 (U.S. Navy Photo).
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85-mm cannons (each with an effective 
ceiling of 25,000 ft and a rate-of-fire of 
15–20 rounds/minute) [6].  The 75-mm 
and 85-mm cannon were of particular 
concern to the B-29 crews once these 
guns were coupled with radar and 
proximity-fuze shells [6].  Figure 2 
shows a RAN Firefly damaged by flak.

The North Korean air defenses also 
included a variety of radars, including 
the U.S. SCR-584; the World War II-era 
German Wurzburg; and other radars of 
U.S., British, and Russian design [6].  In 
contrast to this sophisticated threat, 
North Koreans also strung cables 
across the many narrow valleys [6].  
These cables, much like those deployed 
by the British in the defense of London 
during World War I, were designed to 
inflict structural damage to any aircraft 
upon impact. 

VULNERABILITY 
REDUCTION

The majority of combat aircraft seeing 
action, with the exception of the PO-2 
biplane, incorporated the “standard” 
World War II-era vulnerability reduction 
features.  These features included 
items such as cockpit armor, bullet-
resistant forward windscreen glass, 
self-sealing fuel tanks, and general 
rugged design (see Figures 3 and 4).   
Of the various Allied fighter bomber 
aircraft, the F4U-4/4B, AD, and Sea 
Fury were each powered by an 

air-cooled radial engine while the F-51D, 
Seafire, and Firefly were each powered 
with the more vulnerable liquid-cooled 
engine.  Although many World War II 
Russian aircraft designs were equipped 
with engine-exhaust-based dry-bay fire 
protection systems, it is not known if 
the North Korean aircraft were 
operational with the system.  (Of note 
here is that, near the end of World  
War II, the U.S. Army had developed 
and tested effective CO2-based dry-bay 
fire suppression system prototypes for 
the B-17, B-29, and other aircraft.  
However, these systems were never 
productionized for installation.)

Not surprisingly, these existing vulner-
ability reduction features were found to 
be lacking for aircraft performing the 
close air support role and would thus 
be improved upon for several aircraft.

RELIVING THE HARD 
LEARNED LESSONS OF 
WORLD WAR II

When the North Korean invasion 
occurred, the air response was primar-
ily met by the USAF with F-51D and 
F-80C aircraft flying fighter and fighter/
bomber missions in support of the 
retreating ROK and U.S. Army troops.  

Figure 2.  Flak-Damaged Firefly Aboard the RAN 
Carrier HMAS Sydney (Australian Department of 
Defence Photo).

Figure 3.  AU-1 Corsair Vulnerability Reduction Features (U.S. Navy Graphic).
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Operating from Japan severely 
impacted the loitering and offensive 
payload capability of the jet-powered 
F-80C.  In an attempt to solve this 
issue, an additional 145 F-51D aircraft 
from U.S.-based USAF Air National 
Guard (ANG) units were transported 
by the USS Boxer (CV-21) to Japan [7].

While critical and effective in blunting 
the North Korean advance, the use of 
the F-51D Mustang in the close air 
support role would result in reliving 
the hard learned lessons of  
World War II.  As recorded by the  
8th Fighter-Bomber Group historian,  

“A lot of pilots had seen vivid 

demonstrations of why the F-51 was 
not a good-ground support fighter in 
the last war, and weren’t exactly 
intrigued by the thought of playing 
guinea pig to prove the same thing 
over again” [6, 8].  The reason for this 
lack of enthusiasm was the vulnerabil-
ity of the F-51D’s liquid-cooled engine, 
coolant lines, and radiator.  Col. Bill 
Myers, a veteran World War II P-47 
pilot, is quoted as saying that every 
time he took off on a mission in Korea 
in his F-51D, he would pray, “Please, 
God, make this a Thunderbolt” [8].  

The F-51D suffered the highest combat 
losses of any USAF warplane during 

the Korean War, with 172 F-51s shot 
down by enemy ground fire and a total 
of 164 Mustang pilots either killed or 
declared missing during ground-attack 
operations [8].  Likewise, the South 
African Air Force lost 74 F-51D aircraft 
out of the total 95, with 12 pilots killed 
in action and 30 missing in action [9].

As early as 1942, the vulnerability of 
the P-51 Mustang’s liquid cooling 
system was recognized by the U.S. 
Army Air Forces (USAAF) Proving 
Ground Command - Eglin Field, which 
produced a recommendation to 
provide armor protection to the 
radiator [10].  However, this recom-
mendation was never acted upon 
during World War II or Korea, even as 
losses mounted in the Mustang’s role 
as a close air support aircraft.

Even the air-cooled radial engine 
F4U-4/4B Corsair and AD Skyraider 
experienced heavy losses due to 
enemy action in Korea.  Nearly all of 
these losses were the result of 
anti-aircraft fire [11].  The Corsair’s key 
vulnerability was attributed to the 
exposed location of its oil cooling 
system in either wing.  As a result of 
the F4U-4/4B combat losses, a 
specialized ground attack version was 
developed for the USMC.  The 
Marines’ AU-1 version included the 
relocation of the vulnerable air coolers 
from the wings to the fuselage and the 
addition of armor to the lower 
fuselage. 

In late 1951, an expedited effort was 
undertaken to up-armor the AD 
Skyraider.  This effort resulted in the 
addition of .5-inch aluminum armor 
plate to the bottom fuselage from the 
nose to the rear of the cockpit, wing 
stubs, and sides of the cockpit.  The 
armor weighed 618 lbs, which was in 
addition to the existing 200 lbs of 
armor.  From its combat debut in the 

Figure 4.  F9F-2 Panther Vulnerability Reduction Features (U.S. Navy Graphic).
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spring of 1952 until May 1953, the 
armor was credited with saving at 
least 18 aircraft [12].

During World War II, the German 
Luftwaffe’s introduction of the 
Me-262 was too late to have a 
significant impact on the USAAF’s 
bombing campaign against Germany.  
However, its introduction did provide a 
glimpse into the future.  The Russian’s 
introduction of MiG-15 did have a 
significant impact on the B-29 bomb-
ing campaign in Korea.  As a result of 
B-29 losses sustained in a series of 
1951 bombing raids, B-29 daylight 
missions in MiG-15 operational areas 
were abandoned.  In fact, during one 
raid, 44 MiG-15s attacked a formation 
of 21 B-29s and an estimated 200 
escorting F-86 and F-84 fighter 
aircraft, with the Russian pilots 
claiming 12 B-29 victories [5].  
According to one author [13]:

The B-29s bombing operations shifted 
to nighttime raids.  Switching to 
nighttime raids worked until the 
enemy countered by using a system of 
ground radar sites to guide MiGs to 
within visual range of the bombers.  
After three B-29s were shot down on 
June 10, 1952, by a dedicated 
night-fighting team of MiGs, raids 
were suspended until jet night fighter 
escorts became available.

These escorts would soon arrive in the 
form of USMC F3D Skyknight and 
USAF F-94 Starfire night fighters. 

Like their early World War II counter-
parts, heavy bomber designs from a 
previous decade were not capable of 
sustained daylight operations in the 
face of fighter aircraft.  In this case, 
the situation was even more dire, as 
they could not even survive when 
escorted. 

ELECTRONIC WARFARE

While perhaps not as intense as the 
World War II electronic countermea-
sure (ECM) battle over Germany, a 
similar battle occurred over the skies 
of North Korea.  USAF RB-50 and 
specially configured USN AD Skyraider 
ECM aircraft were used to identify the 
locations of the North Korean radars.  
By the end of 1952, 60–70 radars had 
been located.

In 1952, AD Skyraider aircraft began 
escorting USN strike packages and 
dropping chaff to disrupt both radar-
directed AAA guns and searchlights.  
On 16 June 1952, one strike by Task 
Force 77 AD Skyraiders delivered 
chaff, which caused a gun-aiming error 

“as much as one mile in deflection and 
several thousand feet of in altitude” [6].   
Several months later, the USAF would 
follow suite with modified B-29 
bombers doing the same for B-29 night 
raids.

THE GRUMMAN “IRON 
WORKS” F9F PANTHER

The F9F Panther was one in a long line 
of famous Grumman Iron Works 
aircraft to see combat with the USN.  
(The name “Iron Works” came from 
the ruggedness of the aircraft 
designs.)  Due to the design challenges 
of operating from an aircraft carrier, 
the F9F-2 incorporated a straight-wing 
design to assist in slow-speed 
approaches and catapult launches.  On 
paper, the F9F-2 was not equal in 
performance to the MiG-15.  The F9F-2 
did include a relatively heavy arma-
ment of four 20-mm cannon. 

Although the first U.S. jet-vs.-jet kill 
had been attributed by the USAF to Air 
Force 1st Lt. Russell Brown flying an 
F-80C vs. a MiG-15 on 8 November 

1950, Russian historians Leonid Krylov 
and Yuriy Tepsurkayev credit the  
first U.S. jet-vs.-jet kill to Navy  
LCDR William Amen on 9 November 
1950.  LCDR Amen and his F9F-2 were 
part of an escort package supporting a 
strike of AD Skyraiders and F4U-4B 
Corsairs.  When the formation was 
attacked by 13 MiG-15s, LCDR Amen 
engaged the MiGs and was credited 
with a victory over Russian Lt. Grachev.  
Russian records confirm this victory [1, 3].

In an effort to increase performance, 
the F9F-5 Panther incorporated a more 
powerful engine.  This improvement 
was put to the test by two Navy F9F-5 
pilots in an engagement that remained 
classified for many decades [4].  On  
18 November 1952, LT Royce Williams, 
his wingman, LTJG David Rowlands, 
and two other pilots were flying a 
Combat Air Patrol (CAP) mission over 
Task Force 77, which was steaming off 
the coast of North Korea and within 
100 miles of the Russian port of 
Vladivostok.  After two pilots headed 
back to the carrier USS Oriskany 
(CVA-34) because of mechanical 
issues with one of the F9F-5s, the 
Oriskany warned the flight of incoming 
aircraft from Russia.  These aircraft 
were MiG-15s headed, with unknown 
intentions, toward the carrier [4].

The MiG-15s attacked with an  
advantage in altitude; and for the next 
20 min, a twisting, climbing, and diving 
dogfight ensued.  Both F9F-5s were hit 
by multiple cannon shells, but both 
aircraft returned safely to the Oriskany.  
Upon inspection, it was determined 
that LT William’s aircraft (shown in 
Figure 5) had 263 holes created by 
20-mm and 37-mm round fragments.  
One 37-mm round went through the 
engine.  The aircraft was so badly 
damaged that it was pushed over-
board.  However, it was a testament 
to the Grumman Iron Works designers 
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and the rugged construction of the 
Panther that these aircraft even 
returned at all.

It should be noted here that the 
dogfight was not all one-sided.   
LT Williams was credited with one 
MiG-15 kill; LTJG Rowlands was 
credited with a damaged MiG-15; and 
LTJG John Middleton, who joined the 
dogfight later, was credited with one 
MiG-15 kill.  All of those involved in 
the encounter were subjected to an 
intense debrief and told never to  
speak of the matter.  LT Williams kept 
that secret for 50 years [6].  

But as incredible as the story sounds, 
it gets even better.  Following the end 
of the Cold War, the Russians revealed 
that LT Williams had shot down not 
one MiG-15, but four!  As it turned  
out, Capt. Belyakov, Capt. Vandalov,  
Lt. Pakhomkin, and Lt. Tarshinov were 
all shot down by LT Williams during 
that 20-min dogfight.  No other U.S. 
pilot would ever shoot down four 
MiG-15 fighters during a single combat 
action [4].

In the end, many USN and USMC 
pilots who flew the F9F Panther in the 
Korean skies would owe their lives to 
the F9F’s rugged construction.  These 

pilots would include USMC Maj. John 
Glenn, who would later become the 
first American to orbit the earth; 
USMC Reserve Capt. Ted Williams, 
one of the great baseball players of 
the 1940s and ‘50s; and Navy ENS Neil 
Armstrong, who would become the 
first human to set foot on the moon.  

Maj. Glenn and his F9F-2 safely 
returned to base after his aircraft had 
taken AAA hits in the vertical tail and 
wind screen (see Figures 6 and 7).  
Capt. Williams’s aircraft was hit by 
AAA on three occasions.  Once, the 
aircraft caught fire and lost hydraulics.  
His flight leader, Maj. Glenn, suggested  
that he climb to put out the fire.  It 
worked, and Capt. Williams belly-
landed his aircraft on a USAF airfield.  
The aircraft erupted into fire, and  
Capt. Williams jumped out and ran to 
safety [14].  ENS Armstrong’s’ F9F-2 
was hit by AAA and then flew into an 
anti-aircraft cable, which removed a 
large section of the wing.  He man-
aged to keep his F9F airborne, 
however, and once over friendly 
territory, he ejected near a USMC 
airfield and was rescued [15].

LESSONS TO BE 
RELEARNED . . . AGAIN!

Immediately following the Korean War, 
the emphasis for airpower was again 
placed on the delivery of nuclear 
weapons.  Series of U.S., British, 
French, and Russian jet-powered 
aircraft were developed as supersonic 
air interceptors, supersonic nuclear 

Figure 5.  LT Royce Williams With Damaged F9F-5 
Panther Aboard USS Oriskany, November 1952  
(U.S. Navy Photo).

Figure 6.  Maj. John Glenn at the AAA-Damaged Tail of His F9F Panther, 1953 (Credit:  John Glenn Archives, 
The Ohio State University).

Figure 7.  Maj. John Glenn at the AAA-Damaged 
Wind Screen of His F9F Panther, 1953 (Credit:  John 
Glenn Archives, The Ohio State University).
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strike aircraft, and long-range nuclear 
bombers.  The last true close air 
support aircraft to soldier on was the 
piston-engine AD Skyraider, which 
would see service with the USN and 
USAF in the upcoming Vietnam War.  
Jet aircraft would soon give up their 
armor, as well as other survivability 
features, in an never-ending quest for 
speed.  The USAF and USN would pay 
dearly for this decision, however, in 
terms of lives and aircraft lost during 
the long conflict that would soon begin 
in Southeast Asia.  
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BALLISTIC STOPPING 
SYSTEM SHOWS 
SUPERIOR MULTIPLE-
HIT PERFORMANCE FOR 
CV-22 OSPREY

By Zachary Atcheson
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During the ballistic test series, coupon 
panels were subjected to impacts at 
various obliquities, in high and low 
temperatures, and after being exposed 
to various fluids.  This panel testing 
concluded that the armor system 
performed better than the specified 
standard given, while also providing the 
lightest system the Department of 
Defense (DoD) had ever produced at the 
time.

Production panels were tested as well, 
but they were evaluated only to verify 
that the material system and attach-
ment methods met the ballistic 
performance parameters while attached 
to an aircraft-representative structure.

Due to the aggressive timetable of this 
ambitious project, a deeper understand-
ing of the armor system’s performance 
was not completed.  Identified knowl-
edge gaps for future testing included a 
closer look at oblique impacts, perfor-
mance of production panels while 
installed in the CV-22 aircraft, and 
performance of the armor system 
against multiple impacts.

APPROACH

To address these knowledge gaps, a 
project was funded by the Office of the 
Secretary of Defense, Director, 

Operational Test & Evaluation, Live Fire 
Test & Evaluation for Joint Live Fire.  In 
early 2016, NAVAIR’s Weapons 
Survivability Laboratory (WSL) at China 
Lake, CA, performed testing of this 
system.  The test series was split into 
two phases, allowing the armor system 
to be evaluated fully. 

The first phase evaluated 15-inch by 
15-inch armor coupon panels (shown in 
Figure 1) against multiple impacts at 
multiple obliquities.  This phase took a 
closer look at the effects on perfor-
mance that obliquity and multiple 
impacts have on the armor system not 
originally evaluated.  

The second phase evaluated the ballistic 
performance of full production panels 
(shown in Figure 2) when installed in the 
V 22 aircraft, investigating the effect 

the aircraft structure would have on 
performance.  This phase also evaluated 
each panel with respect to its given 
geometry, investigating how specific 
impact locations affect ballistic 
performance.

PHASE I TESTING

The first phase of this test series was 
performed in WSL’s underground, 
environmentally controlled gun tunnel 
(shown in Figure 3), which is suited for 
conducting live fire testing of panel-
sized components.  Thirty-seven ABSS 
coupon panels were ballistically 
evaluated in both the “uninstalled” and 
“as-installed” test setup configurations.

The uninstalled configuration consisted 
of just the armor coupon panel being 
evaluated.  This approach allowed for a 

An article in the summer 2015 issue of Aircraft Survivability discusses the successful rapid 
development of the Advanced Ballistic Stopping System (ABSS) armor developed by The 
Protection Group (TPG), in conjunction with the U.S. Army Aviation Development Directorate, 
the Applied Aviation Technology Directorate, the U.S. Naval Air Systems Command (NAVAIR), 
and the Special Operations Command.  The development was achieved in 180 days, a truly 
remarkable accomplishment in today’s acquisition process.  The 2015 article details how the 
ABSS armor uses an ultra-high-molecular-weight-polyethylene material that meets strict 
requirements set forth by the Combat Mission Need Statement (CMNS) in support of CV-22 
troop protection.  Under the CMNS, the material went through a rigorous verification and valida-
tion test series, which included environmental qualification, ballistic qualification, material 
property characterization, and structural stress analysis. 

Figure 1.  Coupon Panel.
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direct comparison of data collected to 
data received during developmental 
testing.  The as-installed configuration 
(shown in Figure 4) consisted of armor 
coupon panels, as well as wall and floor 
sections of the V-22 cabin.  The wall and 
floor configurations represented an 
accurate line-of-sight to evaluate the 
armor panel’s performance when in a 
realistic CV-22 aircraft configuration.

Each armor panel was subjected to a 
maximum of three fair impacts (i.e., 
impacts into the armor with little to no 
tumble) to evaluate the armor’s multiple-
impact performance.  Each 15-inch by 
15-inch armor coupon panel was 
evaluated against the following test 
criteria:

 � Obliquities ranging from 0° to 30° in 
an uninstalled configuration.

 � Obliquity testing in an as-installed 
configuration.

 � Orientation of armor panels to allow 
evaluation of impacts between the 
ply fibers.

 � Round impacts 1 inch from the edge.

Phase I was successful in filling the 
knowledge gaps discovered during 

developmental testing.  Data analysis 
uncovered that the performance of the 
armor system increased over all 
obliquities when impacted multiple 
times vs. single impacts at the same 
obliquity. 

An additional increase in performance 
was also witnessed when in the 
as-installed configuration using both 
V-22 aircraft skin and floor panels.  
Perhaps the most surprising result was 
how well the armor performed when 
impacted 1 inch from the armor’s edge.

PHASE II TESTING

The second phase of this test series was 
completed at WSL’s Atkinson Test Site.  
This test facility’s gun tunnel, which 
runs along the length of the test pad, 
allowed for ease of testing for floor 
panels as well as wall panels, even at 
obliquity (see Figure 5).

These panels were production-represen-
tative and were installed in the aircraft 
as they would be when in flight.  The 
test shots on these panels were 
intended to evaluate the armor panel’s 
ability to stop the threat at the given 

Figure 2.  Installed Production Panels.

Figure 3.  WSL Main Site Gun Tunnel.

Figure 4.  Phase I As-Installed Floor Configuration Setup.
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specification velocity while taking into 
account the panel’s unique geometry. 

The production panels were tested 
against the following criteria:

 � Different obliquities.
 � Different fiber orientations.
 � Different aircraft configurations  

(wall vs. floor).

Phase II testing improved the under-
standing of the production armor’s 
ballistic stopping performance.  Because 
some panels are different shapes and 
sizes than others (based on the layout of 
the aircraft), it is important to fully 
understand how different parts of the 
armor system and aircraft installation 
will perform against the given threats.  
This phase was an important step in 
characterizing the ballistic performance 
of these armor panels.

CONCLUSION

Phase I testing demonstrated the ABSS 
system’s outstanding performance 
against multiple hits, along with impacts 
at the edges and when installed in the 

CV-22 aircraft configuration.  In addition, 
a deeper look uncovered a potential 
increase in performance at data points 
previously tested during developmental 
testing. 

Phase II was a crucial step in under-
standing the ballistic performance of the 
CV-22 production ABSS panels.  Not 
only did testing showcase the produc-
tion panels’ performance when installed 
in the CV-22 aircraft, but it also helped 
evaluate the production panels based on 
their dimensions.

Overall, the ABSS armor system 
performed above and beyond specifica-
tions when installed in the CV-22 cabin 
configuration; and the system is an 
example of how the military, DoD, and 
private industry can produce a depend-
able, high-quality system within a short 
period of time to protect the Warfighter 
in an ever-evolving threat environment.  
For a more in-depth review of this test 
series, the full report can be found on 
the Defense Technical Information 
Center website (http://dtic.mil/dtic/).  
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Figure 5.  V-22 Aircraft Setup.
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While aircraft survivability technology has made significant advances over the years, the 
United States still relies on self-sealing fuel tank technology that was developed and imple-
mented in the early 20th century.  Without a self-sealing fuel cell, a penetration event (e.g., 
ballistic impact) yielding a hole in the tank can result in fuel leakage, which can decrease the 
vehicle range and result in an in-air fire.  The first successful demonstration of a self-sealing 
fuel tank reportedly occurred in May of 1927 by the Navy Bureau of Standards.  The layered-
wall tank consisted of galvanized iron walls with felt, gum rubber, and Ivory soap whitening 
paste sandwiched in between.  By World War II, a more advanced, lighter design was devel-
oped and implemented on U.S. military aircraft.  This design, which remains largely unaltered 
on today’s military aircraft, consists of a layer of unvulcanized rubber sandwiched between 
two layers of vulcanized rubber [1].  Upon penetration by a projectile, fuel flows through the 
hole, causing the unvulcanized layer to swell and seal the puncture.

AUTONOMOUS SELF-SEALING 
FUEL CONTAINMENT SYSTEMS:  
THE NEXT STEP IN FUEL TANK 
SURVIVABILITY

by Harry R. Luzetsky

(Source:  National Archives)
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In the typical configuration, illustrated in 
Figure 1, the inner liner material is 
constructed of Buna-N synthetic rubber, 
whose purpose is to contain the fuel 
and prevent it from contacting the 
sealant, resulting in premature swelling 
or deterioration of the sealant.  
Although Buna-N is not affected by 
petroleum fuels, it is porous, making it 
necessary to incorporate a nylon barrier 
to prevent fuel from reaching the 
sealant.  The nylon is often brushed, 
swabbed, or sprayed in three or four hot 
coats to the outer surface of the inner 
liner during construction.  

The next layer is the sealant material, 
which remains dormant until the cell is 
ruptured or penetrated by a projectile, at 
which point the sealant will swell to 
several times its normal size and 
thereby fill the hole produced by the 
projectile.  This action will keep the fuel 
from flowing through to the exterior of 
the fuel cell.  The sealant is fabricated 
from a natural gum rubber, and the 
chemical reaction occurs as soon as 
hydrocarbon fuel penetrates the inner 
liner and reaches the sealant.  This 
mechanism effectively closes the hole 
and prevents the fuel from escaping.

This design relies on the swelling action 
of the unvulcanized rubber initiated by 
contact with a hydrocarbon liquid (e.g., 
jet fuel).  While the rubber will also 
become “sticky” to the touch from this 
contact, the sealing action is attributed 
to the swelling reaction forming a 
mechanical seal in the hole. 

Unfortunately, the ongoing emphasis on 
weight reduction initiatives for aircraft 
systems has significantly reduced design 
margins of affected systems and 
subsystems (including fuel containment 
systems) to develop the greatest 
performance level for the least weight, 
thereby potentially marginalizing 
performance.  This marginalization has 
been evidenced through recent testing 
of current state-of-the-art fuel cells, 
which have experienced difficulty in 
meeting their self-sealing requirements 
while maintaining the required level of 
crashworthiness.  Furthermore, weight 
reduction of fuel cells that maintains the 
present levels of crash and self-sealing 
protection is not possible using currently 
fielded materials and design 
approaches. 

Additionally, current Department of 
Defense (DoD) initiatives that encourage 
the development of alternative fuels to 
simultaneously improve efficiency and 
lower emissions are threatening the 
functionality of existing self-sealing 
methodologies.  These alternative fuel 
formulations require new approaches for 
self-sealing tank designs, approaches 
that are not dependent upon the fuel’s 
chemical constituents.  Ongoing 
research efforts have examined 
pressurized bladder walls, various 
rubber formulations, and self-healing 
tank walls with various benefits and 
limitations.  

NEXT-GENERATION FUEL 
CELLS

To meet the expanding needs of current 
and next-generation aircraft platforms, 
self-sealing fuel cells are being chal-
lenged to meet the following 
requirements:  

 � Self-sealing against impacts from 
both tumbled and fully aligned 
small-caliber ball, armor-piercing (AP), 
armor-piercing incendiary (API), and 
missile warhead fragments.  The 
largest projectile or fragment size to 
be demonstrated is 12.7 mm (.50-cali-
ber equivalent), with an objective for 
14.5 mm.

 � Expeditious self-sealing activation 
fully reacted within a 2-min window 
with a 30-s objective.  

 � Activation at, and resistance to, the 
thermal environment experienced by 
the fuel tank, including operation 
from ambient temperature down to 
-40 °F.

 � Self-sealing activation with commer-
cial Jet A (including military additives) 
and a 50/50 blend of current jet fuel 
and biofuel with minimum aromatic 
content of 8%, with an objective of 

Figure 1.  Current Self-Sealing Fuel Bladder Construction.
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activation independence of fuel 
chemistry.

 � Fuel tank integration without impact 
to fuel tank form, fit, and function, 
with the exception of minimal 
reduced volumetric capacity due to 
the added self-sealing material layer.

 � Self-sealing inertness to the fuel 
purity, fuel transfer system, and 
surrounding tank structure. 

While many of these requirements are 
the same for current self-sealing 
systems, the challenge primarily lies in 
the ability to self-seal regardless of fuel 
chemistry, as well as the ability to 
perform this function against larger 
order threats with minimal impact to 
overall system weight.  Because the 
traditional approach is based on a 
mechanical seal, it is necessary to 
ensure that the penetration hole is free 
of obstructions from the contiguous fuel 
tank and/or aircraft structure.  The use 
of backing boards and additional 
structural considerations (foams, 
structural stand-offs, etc.) contributes to 
minimization of obstructions (e.g., 
structure petaling), which would prevent 
sealing by holding the hole open (as 
illustrated in Figure 2). 

Three approaches being actively 
developed include (1) variations of the 
traditional self-sealing mechanism 
where modifications are made to the 
uncured rubber to facilitate the sealing 
process, including formulation and 
macro-structure changes; (2) replace-
ment of the fuel-activated sealing 
rubber with a layer of inert gas in which 
the head pressure exceeds that of the 
contained fuel preventing expulsion of 
the fuel across the gaseous barrier; and 
(3) replacement of the fuel-activated 
rubber with an expanding adhesive 
system designed to fill the hole and 
bond to the bladder material to create 
an effective seal.

While the first option is still plagued 
with a reliance on fuel to activate the 
sealing process, and the second requires 
the addition of gas generation system(s) 
with associated plumbing, the third is 
both independent of fuel chemistry and 
enhances the mechanical seal with 
chemical bonding.  

The SURVICE Engineering Company has 
demonstrated the feasibility of this third 
approach under a Small Business 
Technology Transfer program (for 
Integral Self-Sealing Protection) for the 
U.S. Navy Naval Air Systems Command 
and a Broad Agency Announcement (for 
an Advanced Fuel Containment System 
[AFCS]) for the U.S. Army Aviation 
Applied Technology Directorate .  In 
addition, the Joint Aircraft Survivability 
Program (JASP) is currently providing 
funding to continue the development, 
beginning with optimizing the design for 
minimal weight impact and character-
izing the effects of environmental 
conditioning.   

FUEL CELL DESIGN

The self-sealing technology for the third 
approach (for AFCS) is a penetration-
activated self-sealing fuel bladder, 
which is not dependent on the contained 
liquid (e.g., fuel) for activation.  This 
technology provides a faster and more 
robust self-sealing capability than 
current technologies.  The sealing 
reaction is completely self-contained 
and functions independently of fuel or 
air exposure.  The system is lightweight 
and can be easily integrated into current 
and new aircraft or ground system 
designs, including bladder and integral 
“wet-wing” fuel systems.

The AFCS technology is a multi-layer 
composite material that incorporates 
autonomous self-sealing capability 
through encapsulated liquid reactants 
that polymerize when mixed.  High-
elongation polymer layers sandwich the 
liquid reactants and provide an immedi-
ate mechanical seal as they elastically 
rebound after perforation by a threat.  
This rapid mechanical response leaves a 

Figure 2.  Petaling vs. Clean Hole for Effective Sealing.

Petaling Preventing Bladder Sealing

Clean Hole Supporting Sealing Process
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hole that is much smaller than the 
penetrating threat’s presented area (as 
illustrated in Figure 3 for a 12.7-mm 
projectile).                            

The interior reactive layer includes 
arrays of discrete cells wherein two 
liquid reactants (“A” and “B”) are 
separately contained in individual 
polymeric bags.  These bags are 
arranged in a grid pattern for each 
reactant and assembled on top of one 
another (as illustrated in Figure 4).

When the threat perforates the nested 
cell packets, the two reactant liquids 
mix and rapidly polymerize.  The 

reaction also generates a gaseous 
byproduct (CO2), which results in a 
closed-cell polymer foam that expands 
to seal the damaged area.  A schematic 
of the basic self-sealing function 
without the structural bladder layers 
and with the containment bags repre-
sented as a single separation layer is 
depicted in Figure 5.

Integration of fiber reinforcement layers 
with the composite material comple-
ments the self-sealing mechanisms, 
provides structural integrity, and helps 
to hold the liquid reactants in place as 
they polymerize.  

Key elements of this design include the 
following:

 � The design uses healing zones or cells 
to regulate and control dispensing the 
healing agent.
• Zones are sized by the potential 

threat damage.
• Zones contain the adequate 

healing medium for the specific 
area.

• Seams between zones are 
minimized.

* Threats impacting between 
zones activate adjacent zones.

• Zone configuration promotes 
healing against multiple impacts 
as long as they occur in different 
cells not yet activated.

 � Elastomeric is used to minimize 
damage size by controlling entry and 
exit hole size.
• High-elongation material is used.

 � Flow restriction material assists in 
bridging the damage and restricting 
flow of the healing agent from the 
damage zone long enough for 
reactant activation to complete and 
seal potential flow.

 � Reactant containment bags keep the 
reactants separate to prevent 
premature activation of healing 
medium and protect the reactants 
from spoilage due to oxygen 
diffusion.

 � Impedance of the penetrating 
projectile is used to facilitate 
activation of the healing agents by 
using the penetrating shock wave to 
force the two agents together.  

This novel design allows the self-sealing 
technology to function autonomously 

Normal Entry

Normal Exit

Tumbled Entry

Figure 3.  Hole Reduction for 12.7-mm Impacts 
With High Elongation Polymer (75–98%).

Patent No.: US 9,770,883 B1

Figure 4.  Advanced Self-Sealing Reactant Nested Packets.
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and completely independent of fuel or 
air exposure.  The composition of fuel 
contained within is not a factor to the 
self-sealing effectiveness, regardless of 
whether it is, for example, a biofuel or 
JP-8.  The seal provided by this design is 
far more robust and reliable than what 
is provided by the legacy technologies, 
which rely on fuel absorption and 
swelling.

FUEL CELL DESIGN 
VALIDATION

The U.S. Army Research Laboratory 
designed and fabricated a specialized 
panel test fixture (shown in Figure 6) to 
support an iterative design process, 
thereby permitting an inexpensive test 
setup to evaluate panel design options 
prior to construction of a fuel cell test 
cube.  The front face of the stand 
includes an aperture with a window 
frame fixture to grip and seal the edges 
of the panel specimens.  The cube-
shaped stand is filled with fuel to 
replicate a fuel containment system 
configuration, and a ballistic impact is 
imposed on the exposed panel in the 
test fixture.

Panel specimen testing provides a rapid 
and inexpensive way to evaluate a large 

number of design configurations before 
committing to the substantial expense 
and time required to fabricate standard 
MIL-DTL-27422F gunfire cube specimens.  
While the results do not exactly 
replicate the dynamics of a cube 
specimen test, it is an accurate method 
to evaluate the self-sealing capabilities 
of design configurations.  Self-sealing 
performance for the panels is defined 
the same way it is for a cube, by the 
following MIL-DTL-27422 criteria:

 � Dry Seal:  No visible fluid 
surrounding hole.

 � Damp Seal:  Evidence of fluid 
surrounding hole but no accumulation.

 � Slow Seep:  Fluid escapes through 
hole at a barely discernible rate and 
flows in contact with the fuel tank 
wall.  

 � Medium Seep:  Fluid escapes 
through hole at an easily discernible 
rate and flows in contact with the 
fuel tank wall.

 � Fast Seep:  Fluid escapes through 
hole at a significant rate and flows in 
contact with the fuel tank wall.  

 � Slow Leak:  Fluid escapes with 
sufficient force to separate from fuel 
tank wall, and stream is less than  
1/8 inch in diameter. 

 � Medium Leak:  Fluid escapes with 
sufficient force to separate from fuel 
tank wall, and stream is greater than 
1/8 inch in diameter, but less than  
1/4 inch in diameter. 

 � Fast Leak:  Fluid escapes with 
sufficient force to separate from fuel 
tank wall, and stream is greater than 
1/4 inch in diameter. 

In the initial round of panel tests, 
various materials and delivery systems 
were incorporated in the design for 
evaluation purposes.  The results of 
these tests, shown in Table 1, 
demonstrated the ability of the system 
to self-seal against both a normal and 
tumbled 14.5-mm AP threat.  

Patent No.: US 9,770,883 B1

Figure 5.  The Advanced Self-Sealing Function.

Figure 6.  Panel Specimen Ballistic Test Stand.
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The panel tests were followed with 
cube test specimens (of two differing 
reactant delivery systems) for both 

gunfire and crash testing.  The system 
reliably sealed the entrance and exit 
wounds created by normally oriented 

and oblique entry 14.5-mm AP threats.  
Self-sealing of 14.5-mm AP tumbled 
events was less reliable for the cube 
designs and their respective reactant 
delivery systems, validating the nested 
square reactant cell arrangement as 
providing the most efficient reactant 
delivery system for this technology.  The 
test also identified material modifica-
tions to improve system effectiveness 
and reliability.  In addition, results of 
crash testing identified weak areas of 
the basic bladder design, requiring 
enhancement.  These tests were 
conducted in accordance with MIL-DTL-
27422F and included both a rigid test 
fixture (shown in Figure 7)  
and sling test configuration (shown in 
Figure 8).  While results of the crash 
tests identified areas around installed 
fittings that required improvement, the 
base reactant system design did not 

Threat & 
Orientation Seal Results Examples

14.5-mm  
Normal Dry Seal

  

14.5-mm  
Tumbled

Dry Seal,  
Damp Seal

  

14.5-mm  
Multi-Hit  
Normal

Damp Seal

  

Table 1.  Summary of Initial Test Panel Events
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adversely impact the cube performance 
during the crash event.

FUEL CELL DESIGN 
ANALYSIS AND 
IMPROVEMENT

Test results of the self-sealing fuel 
bladder confirmed the design effective-
ness viability and identified key 
contributing features necessary to 
proceed with design optimization and 
reliability enhancement.  Based on these 
factors, a JASP program was initiated to 
advance the design and enhance its 

Technical Readiness Level to a level that 
could support platform integration.  This 
program consists of panel optimization 
tests, environmental conditioning tests, 
and manufacturing integration.  

Design areas being addressed include  
(1) the use of reactant cell material to 
block ultraviolet and water diffusion that 
could impact reactant reliability over 
time, (2) reactant cell encapsulation 
with elastomer(s) to minimize penetrator 
induced hole size, (3) improvement of 
bond integrity between inner and outer 
bladder layers with the reactant cells 
and bladder fittings, and (4) enhancement 

of the integrity of seals with reactant 
packets to mitigate premature release 
of reactants during handling.  

With some of these improvements 
implemented on test panels, the system 
has demonstrated dry seals against the 
14.5-mm projectile impact at a normal 
orientation (shown in Table 2).

Additional panel tests are planned to 
address the 14.5-mm tumbled threat and 
access the impact of thermal condition-
ing to the functionality of the 
self-sealing mechanism.  Upon comple-
tion of all panel tests, gunfire and crash 

Figure 8.  Crash Impact Test Sling Schematic, Specimen, and Setup (MIL-DTL-27422F).

Figure 7.  Crash Impact Test Rigid Fixture Schematic and Specimen (MIL-DTL-27422F).
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test cubes will be fabricated for design 
validation testing of the improved fuel 
bladder self-sealing crashworthy 
system.  The next series of tests is 
planned to begin this year. 
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