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Rotorcraft mission and survivability
(susceptibility and vulnerability)

sSurvivability = 1 — Susceptibility - Vulnerability
5|H7| AR

TRACES (Terrain/Rotorcraft Air Combat
Evaluation Simulation): 6-DOF H|# 235 B2 1}
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Rotorcraft mission analysis
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Time

Aircraft survivability (susceptibility and

vulnerability)
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Definition of stealth

» Definition of stealth
The act of moving, proceeding, or acting in a covert way
The ability to blend in with the background

Reducing the aircraft signatures and observables, thus providing the
aircraft with the capability of evading the enemy’s air defence

« Aircraft signatures
Active | s —
radar : airframe, engine inlet, weapons, radome, canopy
Passive
infrared : engine casing, airframe, exhaust plume, sun glint
acoustic : engine parts, engine exhaust, rotor blade, airframe
visual : airframe, engine exhaust and glow, canopy glint
misc. : navigation radar, communication, countermeasures
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RF & IR sighatures
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Radar fundamentals |
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Radar fundamentals Il

Radar types
Surveillance radar antennas (VHF, UHF, L and S bands; 1-10 deg. Beamwidth)
Weapon control radars (S, C, X,K u, K bands; less than 1 to 2 deg. Beamwidth)
Phased-array antennas (AESA, active electronically scanned array)

o1 IR
| v &

Bi-static radar

Mono-static radar

Radar horizon 8/40



Radar fundamentals Il

Definition of radar cross section (RCS)

o=Power reflected to receiver per unit solid
angle * 4 1 /Incident power density

o in dBsm =10 log,, (0,m?)

(dBsm)
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Pollard, R., Detection of low RCS air targets, Stealth Conference 2004, U.K. -



Radar range equations

The radar range equation . _
; | P GL’}“L‘EH: H'G ey O

LAY LA B

defines the maximum range at Range=| ——/———————
which a given radar can detect a ) (47 ) ksT Wi SNR

given target in free space.
12 dB reduction to halve the

range Detection Range as a Function of RCS
(other parameters fixed, no atmespheric attenuation)
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Impact of low RF signal
When Can the Su-35 Spot Aircraft?

F/A-18E/F
F-15 F-16
Su-27 Su-35
Tornado Typhoon F-35 F-22

b.
\b\ Agmn A= >

335-370 mi. 185-250 mi. 36 mi. 22 mi.
(540-600 km) (300-400 km) (58 km) (36 km)

Source: Aviation Week Analysis

B To halve the detection range:-

B Radar
A 12dB RCS reduction.
B Acoustic
A BGdB noise reduction.
B /nfrared
A 25% temperature reduction.
m Visual

A Dependant on background (Paints and or Camouflage
netting). 11/40



RCS characteristics

o=function of frequency, polarization, angles (azimuth & elevation)

Rayleigh (low freq.), resonance (Mie intermediate freq.), optlcal (high
freq.) regimes =
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Figure RCS of a cylinder relative to wavelength
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RCS characteristics (polarization)

H
-
Horizontal Vertical

H

Circular Elliptical




RCS calculations

Component buildup method, high-frequency asymptotic methods,
full wave methods

Full-wave
m=mmmmmmm - --—+- ASyMptotic techniques --f--------=-==---- [ solution
; Low computational effort Increasing comp. effort 2 High c. effort
Faniatll
iy correction
"5 lerme v ID%
4 Mostly sufficient for: _
required for:
RN Fast / first evaluation / _
5 In depth evaluation
Non LO of
configurations _LO _
Coupled ~/ |'Doub configurations
effects Refle
]

Ritter, J., The Role of CEM in the Realization of RCS Reduction of Aircraft,

Stealth Conference 2005, U.K.

PO (physical
optics)

PTD (physical
theory of
diffraction)

GO/RT
(geometrical
optics / ray
tracing)
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Outdoor RCS measurement

'max. load: 75 to
*max. height: 13 m
«azimuth angle: 360°
elevation angle: + 28°

Kruse, J., Applying Stealth Technology to Non-Stealthy
Platforms, Stealth Conference 2005, U.K.
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Indoor RCS measurement and scaling laws

EDGE SCATTERING /

N— _T - WALL SCATTERING

PARABOLOID

TARGET

QUIET L

\ ZONE
\

—-

'Y -

mp e — e —~— - MOUNT
~ SCATTERING

\\
~ -
™
. e o = ™ \FLOOR AND WALLS
FOCUS A=

(FELD) HYPERBOLOID — LINED WITH ABSORBER

Fig. 8.7 Some sources of RCS measurement error.

Figure of merit of an RCS chamber: The quiet
zone and the operating frequency range

Scaling laws for scale-model testing:

This small scale model of Have Blue is undergoing RCS tests in Lockheed’s anechoic chamber at Rye Canyon. Lockheed Martin

» For p scaling factor, f_=pf, o_=pc

* The complex index of refraction and impedances

should be duplicated.
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Detection range relations:
IR (passive) vs RF (active)

) — I...."'.'i'.. VST f?ﬂ"‘ﬂ.‘ﬂ,
ci—om r e W
! noise eguiv irrad SN anin \ bemdwicltl

107

Spectrum, view angles Frequency, angles, polarization
Contrast, atmospheric effect Monostatic vs bistatic radar
Surface condition RAM, RAS




Complicated game: IR counter-measures

After-burner IR X Z Radiation

Past Shield; Decoys & Jammers
CM

CCM Two-color Detector; Conical Scan |

L]

‘ Temporal Active IR X

Future  ss4 S
C-CC-
CCM
— X Counter-Measure 7| 2&#2|: Spectral, Temporal, Spatial & Tactics
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RCS Reduction: Components

Influence of components RCS / accuracy requirements

-30..-20dBsm RCS >+10c%Bsm V
Stealth- Conventional
|A/C A/C
Configuration XXX X|X]X
Stores XXX | X]|X]|X
Engine inlets XX | X|X]|X]|X
Front radar / radome X | X[ X ]| X[ X]X
Auxiliary inlets XXX X]|X]|X
Trailing edges XXX X]|X]X
Gaps X X[ X]|X|[X
CNI+ECM antennas/rad. | X | X | X | X | X
Access doors X| X[ X]X
Material Transitions X|X|[X
Sensors (air data, etc.) X | X
ESM antennas X
/A
o= A -f h T@
A\?J/@

Ritter, J., The Role of CEM in the Realization of RCS Reduction of Aircraft, Stealth

Conference 2005, U.K.
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RCS reduction: radar absorbing material

Broadband Foam Absorbers Performance Curves

o
2
¢
c
2
5]
2D
@
c

Nato
Radar

9.5mm

Frequency

h . ! : Reflection Loss

AN

Polarisation (x2)

-
-

-

Angle of incidence

25mm

19mm Weight

g L
2 6 10 14 18 22 26 30 34 38 40 60 8-0 100 Thickness

Frequency (Ghz) Mechanical

n|n

c

ol v| Environment

Broadband (attenuating) RAM
Small change in impedance
Absorbing lossy layered material

Resonant (interference) RAM

BAE Systems, Microwave Materials Technology, Stealth Conference 2004, U.K.

Summary of Graded Deposit Absorbers

From the Design Parameters (wish-list)

Good
Good
Good
Good
Low
Medium
Fragile
Benign
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RCS reduction examples in helicopter

Shape of tail boom has been altered and possibly enlarged to evade
radar. Pan-like cover or hubcap over the rear rotor head conceals
exposed machinery which is more easily picked up on radar. Smaller
five tail rotor blades were used. Rotor blades in composite material,
radar absorbing fairing on main rotor hub. Radar absorbing coating on
the airframe, tail boom, and engine pods.

Stealth Black Hawk

The fuselage has a sloped side and have a stealthy diamond cross

el section to reduce its radar cross section (RCS).

Indian HAL Light Combat Helicopter US Stealth Black Hawk (Version 1) Chinese WZ-10

21/40



RF scattering sources in helicopter

"‘1,..‘ ] |
\Ez.'- Main rotor head Tail rotor and

= gear box fairing
Engin&-ﬁ,

) inlets  %®=-
Cockpit &

y e A
X \“\wﬁ.\"&\‘*-\\”\'\ A

' o
o .
/ ’

5 ) ... '_1—".-.’;"' BV Ay LT v \v' \ ? R,
B L 1 AN | P e <4— Vertical

.

e stabilizer

' % Tail Horizontal
Nose / g e 5 wheel stabilizer

e

Landing gear

s - . . {{)-
anchor fairing Main wheels Main rotor -
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Calculations for RCS reduction (component
build methods; RCS budget distribution)

A hypothetical aircraft with

dimensions comparable to M alj
an F-16 (wavelength 6 cm of O = E O,
SAM threats): Accurate m=1
within 3 dB
RCS RCS RCS RCS RC
Figure @ o @ 10° @ 20° @ 30° @«
feature Egquation (dBsm) (dBsm} (dBsm) [(dBsm} {dB:
a Pt (16m) ~a0 T, 40 ~40 3
b . -7 -5 -2 1 2
Trar;
¢ > _ 60 80 60 60 -6
nri{1-cos ¢ sin g} L2 2 B
d L3+ L4y 50 60 oo ®
-60 B0 -50 50 -6 4,
N 2nrd 12°14
f 2 il
(5% + L6Yyn 80 -80 -80 -80 -6
d Am(L4- L6sin By /A 60 -0 60 60 6 413
h 24, —60 60 -60 -60 -5 \. J
- “A.E 5 AE L
i 20 23 -23 -23 -23 -2
j AL+ L) -21 60 -60 -60 -5
K 24, cos’ 9 3 18 o
¥ —_ —, — —_ h’l
‘ Lim” . @)Yn ¥ 23 23 23 2
Total Noncoherent Sum 10

a Oglve Tip Diffraction
b Canopy Specular
c Ogive Specular
d Wing Leading f Trailing Edges
e Cylinder Bady Specuiar
f Wing /Tail Tip Speculars
g Vertical Stabilizer Broadside Specular
h Exhaust Duct Cavity
i Exhaust Duct Edge Diffraction
i Exhaust Duct Travelling Wave
k Inlet Duct Specular
| inlet Duct Edge Diffraction
/ d L1=25m
L2=12m
L3=45m
L4=1.25m
L&5=1m
L6=05m
L7=5m
ri=tm
L5 e, f! g r2=1m
r3=05m
r4=0.75m
A; =im
AE=1 m
a=33 deg
f =120 deg

1 Ogive
2 Cylinder Body

3 Wing & Horizontal Stabilizer
4 Vertical Stabilizer

5 Exhaust Duct

6 Canopy

7 Iniet Duct

3 Example first-order RCS estimate from specular segments.
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RCS reduction numbers game

Concentrate on the dominant scatterers because a reduction there yields
the greatest payoff. However, when there are many echo sources, all of
about the same magnitude, treatments must be devised for many
scatterers instead of just a few.

Effect of a Dominant Scatterer

Reduce Reduce Reduce
o by ., o ay, T, 03
Untreated 10 dB by 10 dB by 1(} dB
o 200 20 20 20
03 20 20 2 2
o3 20 20 20 2
Total 240 60 42 24
dB reduction 0 6 7.6 10
Effect of Working Harder on the Dominant Scatterer
Reduce o
Reduce Reduce o by 15 dB,
o by by 15 dB, oy by 10 dB
Untreated 15 dB o by 10 dB oy by 10 dB
o 200 6.3 6.3 6.3
o 20 20.0 2.0 2.0
ey 20 20.0 20.0 2.0
Totat 240 46.3 283 10.3
dB reduction ¢ 7.1 9.3 13.7
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RCS reduction examples in helicopter
(RAH-66 Comanche)

The first stealth helicopter and a role model for stealth helicopters

RCS about 1/630 of AH-64 (Boeing) and 1/250 of OH-58D (Bell)

 Type ofiDefection
¢ Radar

Front Sector

10 Gigahaetz

s Infrared Radar
Sida Sector
Source Signature
No Solar Load

Stinger

* Acoustlc
Front Sactor
Modarate Amblant

RAH-66 Comanche «Visual

(Boeing—-Sikorsky) Smm
Torrain Background
Sactor Search
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Stealth helicopter RAH-66 Comanche

......

gaige  \w

23 ysun D0 SN

A4
w219

e 5H

23 B3
XM301 Gun in stowed position
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Stealthy Black Hawk (version 2)

Operation Neptune Spear (Killing of Osama bin Laden)

Military-Today.com




I A3 (2012; KAI-OFI] O}l X| L] O &)

7| RCS ol A 3 X Z of
ZFH}O

all
=
M4

LA
| T &8

17]2

ol
=

3

-
2y

28/40



RCS off A &l7| g4 8 CATIA 22 (2012)
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Some useful results (2012)

05 Aol 32
MER_AUZ Cowling/Intake-

o|st gt A2 /XIS, RCS, Ice
Shedding §0| 2% A2z
of| &
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ul Er ol I I A
Mg 27| RF Y 24
RF ng *I-I . .
o[ AFQ S-125 Neva/Pechora S-300 Buk Missile System
HZ= 2t = AOF = A O} = Al O}
37| 6.1x0.38m(Z0|xEZ) | 7.5x0.5m(Z0|xEZ) | 555x0.4m(Z0|xZZ)
S 60kg Frag-HE 150kg 70kg Frag-HE
FRAMAE 35km 200km 30km
SR g 3.5km 6km 4km
s Mach 3 1700 m/s Mach 3
X|CHAIS T = 25km 25km 25km
Z= D/l Band I/J Band D/G/H/I Band
i_Active R
QA RF CLOS SARH by TELAR Semi-Active Radar
Homing
A8 27} 23 O|HE 527742 2%, HAIO S 17742 | 23, Al2I0L 5 11743
Cf. RF, IR, &5 BX|AHZ| D=2 &X|7|2] 2IX|0f Uiz} Xfo]7t &
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F 0|45 1: Trade-off

Situation today

Cost \\

Total cost

Stealth effort ﬁ

X

-Cost ECM effort
-Penalties T Cost
(Aerodynamics, weapon _Weight

carriage, antenna
- Power

installed performance)

<

Signature ECM

-Radar Cross Section -Radar {(onboard,TD, Chaff stand-off)
-IR-Signature = IR (Flares,DIRCM,Laser)

~ SMOOTH SHAPE

Helicopter-borne jammer
against SAM with radar
and IR homing heads

'COATINGS BURIED ENGI

32/40
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3P Load - pounds

1000

800 -

600 -

400

200

0

Blade Vertical Root Shear Loads
(3 per revolution)

Raised
Rotor

0 20 40 60 80 100 120 140 160
Indicated Airspeed - knots

R.D. Leoni, Black Hawk: The Story of a World Class Helicopter, AIAA, 2007.

=X QX
|H A (07-12; =1}H)

In case of the Black Hawk (UH-60), the US army’s high-priority
requirement: air transport capability (using a C-130 cargo
aircraft) demanding the main rotor close to the fuselage

However, the low rotor position created severe interference
flow conditions that could increase required power in forward
flight significantly.

To resolve this contradictory requirement, the Sikorsky rotor
designers invented an ingenious solution; a two-position rotor
system based on a removal new part.

The rotor shaft extender enabled the rotor location 15 inch
higher during flight, while it permitted the rotor to be lowered
for air transport.

SN SRR RN ™
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| &t X Z O[5+ 3: MDO vs Hybrid
=] 4 ol Z Hybrid A 4|

0.1 —
0.08 | - gggr\jl;:\. cycles
1+ B 1 ---- 100 des. cycles
- R
05 7 I — o : |
- .
- ok -
05 ¢F \ / ’
\\\_7_7_7_7{_!_// 004 ]
At . . B -0.06
RCS %A Airfoil :
ST o':'la_' s ** Drag+RCS RS X174 HISHTl S A
* o Airfoil °° 1 RCS -‘-I_I Hloox'" S

Shape optimized for TE and TM polarization with apenalty Wing profile from the combined RCS and drag optimization with f = (0.8

Clean Shape with Leading Edge Ogival and Trailing Edge Wedge Shaped 285 AS MDO 211
Resistor Resistor inked Honeycomb '<TI5 F'E! &RCS M DO H I -?.-_:I *EI I—-lI
Card Edge
Termination RAM Surface Treatment Only

In Selected Areas Layarnd -(T':—_I'-E!, _’IS |_|, ?-_xL, i%, IR,
Graded RAM
Eﬁ:‘téag}«rsgtz«:ri;cgm RC52| Trade'OffE
| Cre=otX| %S
RF Transparont \Smoulh Transitional ShapB/ el MDO, Hybrid, 12|11
erminaton - e .
ECSe| XAt =280| a4

Typical RCS edge treatments

An ingenious (hybrid) solution to meet both
requirements for radar stealth and aerodynamics
is the radar absorbing structure (RAS). 34/40



ol EHd XM Zt 0|4 4: MDO Si{Q] A At
%= Beihang CHE (Z. Zhou et al., Aerosp Sci Technol)

Rotor hub & blades (2018)

Engine intake & nozzle (2019)
:ﬁ/\ﬂ 2 )

Co Far field RCS
R II[
s : Closed model
- s : rrrrrrrrrrr
7 |
AF, AF ; x - )
hu Tiip Radar 59 el Total temperature / K
Th, Th, Th, I\ al temperature
/ : AR B 5 e P e ey
/ f \ e I - “E“‘“--‘J A(l
A, A, Azl A,
RCS Noise Noise Lift
thickness loading RCS IR_n IR_h Temp
Om (dB-m?) o¢ (dB) o7 (dB) L/N o /dB.m? I,/W/sr I /W/sr T/K
mo —2.2946 101.8144 94.5489 20696.971 mo 76142 533.1166 204.9310 592.4057
M* —6.7272 100.0612 92.7847 24758.906 M* —5.4598 158.3156 75.3664 522.5354

Hovering & Tip Mach 0.67
10 GHz & HH (PO+PTD)

Hovering (RAH-66)
10 GHz & HH (PO+PTD)
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o EHd XM ZE 0|4+ 5: Multi-rotor S 2| & Atd
%= Beihang CHE (Z. Zhou et al., CJA, 2021)

Helicopter Main rotor 1

Main rotor 2

Main rotor 1

Propeller
I Helicopter 5 Main rotor |
Y blade tip
Hh
7
g’ [ Front view "~ 3 [ Front view M u Itl - rOtor
RCS (dBm?) g & [8] — I i
: il i wsasy  dynamic scattering

[S5) 3

o * (RCS) calculation

0

y(m)
o °  based on PO+PTD
3 10
4 B . 6 GHz & HH
<= E,
40 0
4 40
-60
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Spectral amplitude [dB]

n|EHd M ZF 0|1+ 6: 2|1 Rotor Blade

Radar helicopter detection and classification

Fuselage (- » k.
70 — Note:
A rotor tip speed of 200 m/s corresponds to
65 — a Doppler shift of 13.3 kHz at 10 GHz. The
o) rpm ratio between the main and tail rotors,
AT and the ratio between main rotor length and
60 - number of blades have been suggested as
identification parameters [Car92, Rot97].
55 - =
Rotor hub
2 - }4 Receding blade ’i ’< Approaching blade >|
45 —
40 -
38 i | ! | | | i |

-200 -150 -100 -50 0 50 100 150 200
Rotor speed [m/s]
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normalized power (dB)

normalized PSD (dB)

| &Hd X Z 0|4 6: 2|7 Rotor Blade

(Point et al., IET Radar, Sonar & Navigation, 2021)

Need to take basic helicopter flight dynamics and resulting

deformation effects of the rotor blades into account

10 T

Ye

40 T

201

40+

-60

-0.5 -0.4

receding blades
20} \

Xf
30 ; ,
4 5 6 7 8 9 10 —real data
t (10%/PRF) —deformed blade
25 —ideal blade
 helicopter body =
/ I o 15
/ main rotor hub =
. s
// advancing blades % 10
. 5
0 | MA ”
| B | & mﬂ.ﬂ | Wl
0.1 0 01 02 03 04 05 3080 3100 3120 3140 3160
Doppler shiffPRF  PRF (Pulse Repetition Frequency) tx PRF
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