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High-Speed Airbreathing Propulsion:

Motivations
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O Mission requirements define
the most suitable propulsion
system

[ Airbreathing engines use
atmospheric oxygen for
combustion thus allowing for
weight and volume reduction
and specific impulse increase
w.r.t. rockets

O The operative envelope is
reduced w.r.t. rockets since
the engine functioning
strongly depends on Mach
number

O For hypersonic flight (M>5)
the most efficient
airbreathing engine is the
scramjet
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<€, — High-Speed Airbreathing Propulsion: CESMA
~ Advantages and Drawbacks T
e /]
v Aircraft engines: it reduces the time e 4
1 orebo: e Y iy
for Iong ﬂlghts Shock/Boundary Layer c:mprgsgi%n/ \\{7 \eféf:ggn
v Weapon systems: it increases the TR T
range and reduces time-to-target Non®qilibri \ Plasma Control  Fuel ~ Transfer
Subsystem Radiation

v’ Launchers: it reduces the fraction of

the weight of the propulsion system B e

éupersonic Mixing
4 and Combustion

Isolator
Shock Train Fuel Injecti}/‘Y

| Forebody | Internal | Isolator |Combustor| Internal Aftbody
inlet Nozzle

Mandatory Hypotheses

Scramjet Engine
v’ Airframe-engine integration ] 5

v Optimized combustor and injection strategy/layout

Advantages

Fuel injection

Nozzle
Flame holder (M=1)

v Mechanical simplicity

v" High propulsive efficiency
v Wide Mach number range: 2 <M < 6+8

Drawbacks
v" High thermal loads for combustor and nozzle (C,J,)ﬂ‘)"ess'o" Combustion fh;l‘zi‘)““
v" Needs to adjust intake and/or nozzle geometry to the Ramiet Enei
different flight conditions amjet Engine

Rome, 30 June 2014 1st International Symposium “Hypersonic Flight: from 100.000 to 400.000 ft”



ASSOCIAZIONE

<<c: RA High-Speed Airbreathing Propulsion: e

CIRA Main Interests and Activities

Main Interests

v’ Create an Italian competency into an innovative research field with great opportunities for both
civilian and military applications

v’ Participate to European future experimental flight campaigns to forward advanced technologies
requests at the Italian manufacturing industry

Activities

" Design of airbreathing propulsive system components (intake, combustor, nozzle)
®  Aero-propulsive database of hypersonic propelled vehicles

" Flight experiment of a scramjet engine mounted on a hypersonic vehicle
" Scramijet propulsive system of a hypersonic tactical missile

® MHD bypass for a scramjet engine

¥ Ramijet Testing facility
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Hypersonic Vehicles with Airbreathing

Propulsion

Hypersonic Vehicles with Ram/Scramjet Propulsion

Longr-term Advanced Propuision Concepts And Technologis 1

Long-haul routes (EU-AUS)
in 2+4 hours

LAPCAT A2 veh'icle for passenger tranqurtation LAPCAT MR2.4 vehicle for passenger transportation
(300 PAX, cruise at Mach 5, 25.4 km altitude) (300 PAX, cruise at Mach 8, 32+33 km altitude)

Expansion system combustor Compression
system

HYTAM feasibility study of scramjet propelled
hypersonic tactical missile (4.5m vehicle, cruise at Mach

HEXAFLY scramjet propulsion flight experiment (3m 7.5, 30 km altitude, time-to-target=460s for 1000 km)
vehicle, cruise at Mach 7.4, 28+33 km altitude)
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System Components CESMA

Ramjet Propulsion: design of Mach 5 ramjet engine components

1 CFD support to the detailed design of main components (intake, combustor, nozzle)
of the LAPCAT A2 Mach 5 cruiser pre-cooled turbofan/ramjet engine

O CFD support to wind tunnel test campaigns
“o
Main Turbine Bypass Fan & Bypass
Hub Turbine Burne:

Nozzl
O Cruise condition: Mach Number 5 at ?::::.,snoc:n‘;
Bypass

an altitude of 25.4 km (end of climb/ N e P
acceleration cruise condition)

Courtesy by REL
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System Components

<<C. =LA Design of Airbreathing Propulsive

Ramjet Propulsion: design of Mach 5 ramjet engine components

O Intake: pressure recovery factor, shock at throat, flow uniformity and unsteadiness in
the diffuser, boundary layer effects, massflow bleed

)

O support to design and §o.1
analysis of performance of
GDL model 0.05
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d Combustor: injection, mixing, combustion, EINO, H,0, unburned H,
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Design of Airbreathing Propulsive

System Components

Ramjet Propulsion: design of Mach 5 ramjet engine components

L Nozzle: flow uniformity, thrust, EINO, H,O, unburned H, oy T e e
3 .
2= SCIMITAR Engine Nozzle
g 2 V1 configuration I;?-hslgz's (36%)
C V1 geometry: turbulent k-eps standard PObyp=1.8 bar
1 L T
" 5
€ == =
g " p—
’ 1
—
V0 configuration
- -2
- ' 1 T i |
B 025 03 035 o4
3 Mach number: 0.50 1.14 1.67 2.13 2.73 3.30 3.7 Shock
-2';5””"’”““'5”“:““)1('5“”2"H‘;SHH;HH;;‘ .30 05 1 15 2 25 83 35 4 45 5 55 6 65
(m) x(m)
Shock
L Nozzle: analysis of plume/external flow
Slip line

interaction, configuration trade-off

study, performance prediction, bypass
and core nozzles detailed internal fluid

dynamics = -

shock Mach disk

O Nozzle: CFD analysis and rebuilding of ———
propulsive nozzle experiment at GDL Corpreson s bt b
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Aero-Propulsive Database of Hypersonic CESMA

Propelled Vehicles

Centro Studi Militari Aeronautic
Giulio Douhet

Scramjet Propulsion: Analysis of a Mach 8 concept vehicle

L Nose-to-Tail simulation of a full-scale vehicle by using a CFD 3D code for both internal
(scramjet operating mode) and external flow

d Cruise condition: Mach Number 8 at an
altitude of 32+33 km

O Grid: 3.5 million cells, 174 blocks
(d Detailed CFD analysis of the vehicle

v Grid sensitivity analysis (3 levels)
v' Combustion chemistry model sensitivity

v Analysis of local phenomena inside the scramjet path
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Aero-Propulsive Database of Hypersonic

Propelled Vehicles

Scramjet Propulsion: Analysis of a Mach 8 concept vehicle

O Aero-propulsive balance of the scramjet vehicle in fuel-off and fuel-on conditions: the
balance is positive (D . <0) for laminar and turbulent hypothesis in fuel-on conditions

prop

Grid | Engine Flow L Dyt Dyody Dyrop Dintake D.. D1 ozzie Eff Aer

level | state | regime (ext + int) (ext) (int)
[] [] [] [tons] [tons] [tons] ftohs] \| [tons] [tons] [tons] []
L ON LAM 347.81|  -26.88 34.08] [-60.95  18.01 144  -80.41 10.21
L, ON |TURBke| 34169 -17.25 37.23| [ -54.49 20.62 341 7851 9.18
L, ON |TurRB-sA| 347.12 11.82 58.78| | -46.96 23.79 4471 -75.21 5.91
Ls ON |[TURB-sao|  343.76 4.48 5211  \47.6 22.87 432[ -74.81 6.60

4
O Contribution to aero-propulsive database of oo Drag/Thrust Balance

the VEh|C|e =4==Nozzle Thrust

~@—Total Thrust
80.00 |
. . Ext Dra;
L Aerodynamic performance at the cruise __M;/
conditions (L>W, T>D) 5000 | —
40.00 | ./,\

Q) Lift-to-drag ratio (external) around 6 for more
reliable CFD simulations 2000 |

Thrust/Drag

L Sensitivity analysis to find the exact value of
ER assuring aero-propulsive balance (T=D)
necessary for cruise (T=D for ER = 0.84) Fautatnce o (1)

0.50 0.60 0.70 0.80 0.90 1.00
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Propelled Vehicles

Scramjet Propulsion: Analysis of a Mach 8 concept vehicle JAPCATII

O 2D and simplified (slices instead of port holes) 3D geometry: structured mesh

O 3D detailed geometry: unstructured mesh (11M cells) and use of FLUENT v13

\’\L/ OUT plane  —mm
X
Y

e A LAPCAT MR2.4
A combustor 3D
/ detailed

analysis
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Aero-Propulsive Database of Hypersonic

Propelled Vehicles ESMA

Centro Studi Militari Aeronautici
Giulio Douhet

Scramjet Propulsion: Analysis of a Mach 8 concept vehicle
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Propelled Vehicles

(<C, — Aero-Propulsive Database of Hypersonic

Scramjet Propulsion: Analysis of a Mach 8 concept vehicle in WT
L CFD support to experimental test campaigns (small scale, L=1.44 m)

O 11M cells structured grid (use of SPARK code) S
O DLR HEG test chamber flow conditions C
L Inviscid and viscous flow simulations

J Fuel-on P_ =2051,18 Pa
M. = 7,355
p.. =0,02717 kg/m?3
T =300K

wall™

Standard air model provided
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ESMA

Centro Studi Militari Aeronautici
Giulio Douhet

FJAPCATII

SS-1 run.
HEG far field conditions.
H20 mass fraction contours.
400000 Small Scale Model
Comparison at slice "degS0" Exp HEG Fuel-Off
350000 B Y CFD CIRA Fuel-Off
- I CFD CIRA Fuel-On
300000f ............ /
250000 f (
2200000 E
ﬁ 150000 f
100000 . \ \\-‘ﬂ
. . . . 50000 - - v/’_\‘_\ '\\
[ Split approach for viscous simulations b e NN
U Good evaluation of aero-propulsive :
ba Ia nce (Com pa rison W|th experi mentS) '50000206 I Hsool 1 Iltoal Ilf,oé I 1ésocl) l IJ70c;| Ié;(:é[;i)‘:)]c; l I1J00;JI I1I10l0I l1I20|0l I1130|0l l1I4010I I1I500
Test Regime Dtot Dext Dint Doff - Don
[-] [-] [N] [N] [N] [N]
CFD CIRA OFF 592.00 380.00 213.00 NA Eff. EINO
CFD CIRA ON 189.00 380.00 -191.00 40l\‘11A00 EUL 58.92 27.34
CFD CIRA : NS 90.78]|  24.03
CFD DLR 436.00
EXP HEG 525.00
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Scramjet Propulsion Flight Experiment ESMA

Centro Studi Militari Aeronautici
Giulio Douhet

Scramjet Propulsion: Flight experiment of a scramjet propulsion system

o .
XA,

U

Contribution to the development of the scramjet vehicle, launch vehicle and mission

(]

Aero-propulsive characterization of different scramjet vehicle configurations, setup and
analysis of AEDB in nominal propelled flight condition

O Sizing of ailerons (shape, span, length) and vertical tail (shape, size, toe-angle)
O Analysis of longitudinal trimming conditions
e 9
O Assessment of static stability o 5) Ejection of HEXAFLY experiment vehicle RIDIUM
. . . (EFTV) and stabilizing flare (ESM)
analysis in clean and trimmed -
Conﬁgu ration 90 km  4) Attitude correction of L

motor and payload 6) Attitude control with cold gas

. epe o jets in ESM and data from
O Assessment of dynamic stability , W, experiment INS (integrated into
. . / SSM)
analysis with a focus on Dutch-Roll Y.
. . @) , ‘ @ . 7) Ejection of stabilizing flare
O Flight Control equipment l/ %) Ejection of nosecone A\
. . Attitude correction of motor and ’
v" Inertial Measurement Unit payload
v' Magnetometer ® < 8) Experiment Window
. 2) Thrust Vector Actuation ~- —
v Flight Control Computer Burn-out of $40 ~ N
Ballistic Flight o
. IL-76 SKIP Air-borne
v Aileron servo-actuators ‘ [ i [}
1) S40 Ignition 9) EFTV |
v" Aileron actuation lane g i i —— ) mpact

360 km
TT&C and Radar from Andeya TTC from Svalbard
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Scramjet Propulsion Flight Experiment ESMA

Centro Studi Militari Aeronautici
Giulio Douhet

Scramjet Propulsion: Flight experiment of a scramjet propulsion system

o .
S AR

V$S40 - fairing with covers
Mach=2, AocA=2 deg

VS40 Aerodynamics (MRF=nosetip)
12 oy
44— AOA=0 deg
10 ~0-— AoA=1 deg
aerodynamic resultant force
! 3 —==— A0A=2 deg
ch/'—ref 6| | === ====-
4 weight force
' static stability
2 / 1
0 ——9090¢ . 4 - ‘ . ‘
0 1 2 3 4 5 6
Mach number
\

\ 1ststage: S-40 motor 2ndstage: S-44 motor Fairing

Interstage Service Module EFTV
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Scramjet Propulsion: Flight experiment of a scramjet propulsion system

o
7

L=3.146 m, W=1.243 m, CoG=50%

Aerodynamic Efficiency (BoA=0 deg)

6,00

Experimental Flight Test Vehicle e .
Vehicle’s length 3 m 00— —— —5 -
Flight speed M=7.4 o 300 -

Altitude 28+33 km —
Scramjet operation 10+15 sec .

-2,5 -2 -1,5 -1 -0,5 0 0,5 1 1,5 2 2,5
AoA [deg]
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Scramjet Propulsion: Flight experiment of a scramjet propulsion system

x * ‘
XA,

0,100
-0,147
-0,100
Act. Moog 1 -0,147
Act. Moog 2 -0,147
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c[ =RA Scramjet Propulsion for a Hypersonic

Tactical Missile

Scramjet Propulsion: Design of propulsive system of a hypersonic tactical
missile (HYTAM)

Q1 Preliminary design of a scramjet propulsive system (by using an engineering tool and
simplified CFD) to match mission requirements

O Air/H, combustion with 1-D SPREAD code (detailed kinetic scheme by Jachimowski)

U Critical issues: mixing of reactants, injection modalities, ignition delay, combustion
development and stability, thruster performance

Design cruise conditions: H=30 Km; M=7,5

- - . - . = 3
FueI_LHz (Pstorage_3!5 bar! Tstorage_ZOK! pLH2_70 Kglm ) : — S
Expansion system combustor Compression
. ' system
' ME75 : M#7.5
2 2f-tind ! : i
= s — i3 - Fasedicrociera (scramjet) ] L
= /7 Fase booster ! [ ! : O : N
5 1 \ . . . . . . . : { | : .............. .
M0.8 ! / ! Fase di aggancio
o i f [ | N S S R ¢ autoguida
! J : || A -
1 1 Distanza (Km) !
i i i
] | |
] | |
] | |
] | |
1 1 1
i | |
1 | |
! 48 s ! 360 s ! 49 s (fuel-off)
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Tactical Missile

Scramjet Propulsion: Design of propulsive system of a hypersonic tactical

missile (HYTAM)
L Multi-ramp inlet to achieve P and T values to properly ignite combustion

. oy Propert Kerosene CH4 H2
O Effects of P and T on ignition delay .
Heat of combustion (MJ/Kg) 44 55 118,1
. . . . . . S.pe(I:ific hegt Cp at 300 K(KJ/Kg/K) 2,01 2,24 14,3
U To limit combustion chamber size the optimum fuel is LH, ~ fwadnsvtams = w0270

L Need for a strong fuselage/propulsive system integration: aerothermodynamics and
propulsion disciplines are not separable

U Sizing of scramjet propulsive system and performance: ignition length and gross thrust

ER=0.7 Nozzle Thrustvs. Fuel Consumption

000,00 T
/‘//
2000,00 :
3 vy
5 1800,00 —m— Alpha=2
5 —a Alpha=4|
100000
ER=0.7+0.8
500,00
AoA=0+4 deg

o
o8
8
B
8
&
o
B
2
d
B
8
g

Q_fuel (Kats)

T=&, (V.-V,)+&V, +S,(P-P.)-SP

arr
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Scramjet Propulsion: MHD Bypass technique

A strategy to improve scramjet performances is the MHD bypass technique proposed in
the past by Bruno, Park et al.

S
Seeding INOEION  Cormpustor

Operation principles: intake 1 1 /
> MHD generator slows down the Ereestream S| Bt 15, JT Nozzle

flow to the desiderated value of M, : f

and recovers energy (Ey/ uB<1) MHD generator MHD Accelerator

> MHD accelerator after combustion accelerate the flow
throughout F ponder-motive force. (E /uB>1)

s o
b 3
T 17

bbbooooo

;é-
in
-]
~ 5
3 5

» The seeding injection system
(Cs+ or K+) gives to the flow
a certain value of electrical
conductivity.

Y(mm)

200 20 40 60 8 100 120 10 160 180
X{mm)

iy 1 1
-0.02 0 0.02 0.04 0.06 0.08

Magnetic field generated by Effect of the magnetic field on the
permanent magnets in a sharp body pressure distribution over the sharp body
(by EMIC3NS) (by EMC3NS)
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Scramjet Propulsion: MHD Bypass technique

Advantages :

» Increase of combustion efficiency and stability with a more compact design of the scramjet
propulsive system (i.e. limit the combustion chamber size)

» With an efficient electric accumulator and a good ionization level (5%) is possible to gain
thrust throughout the accelerator

» Under inviscid hypothesis, from preliminary calculations (by assuming a 60% generator
efficiency ) it has been estimated a gain in terms of total force with MHD bypass

Drawbacks :

Total force » Off-design conditions difficult to be
handled

» MHD generator efficiency is a critical
issue to guarantee an effective gain on
thruster performance

» Feasibility of high-efficiency MHD
0 - generator not still been proven

10000 | Bressure gy
pressure +

-20000 friction

Y

_— Increase of aerodynamic drag ?

decelerator g

total
accelerator

A\

Necessity of means to handle the
radioactivity of Cs+ or K+ used for the
seeding injection system
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Experimental Capabilities for Ramjet Propulsion

The existing CIRA rocket engine ground test facility will be updated by including:
e fuelline (JP4); * ramjet engine test cell;

e air heater; » specific non-intrusive diagnostics.

J Freestream Mach conditions
ranging from 2.5to 5

O Altitude of nearly 30 Km

1 | I

eIl L Both JP4/Air and Methane/Air as
% | propellants
- A 2 L Thrust chamber max diameter

20+30cm

O Thrust chamber max length
120+150 cm

L Chamber pressure 8+10 bar

CIRA rocket engine ground test facility: present layout
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Conclusions

O During the last years CIRA has matured competencies in airbreathing propulsion
systems for hypersonic vehicles by participating to European and National projects

U The following topics have been/are being developed:
v" Physical modelling of combustion
Development, verification and validation of engineering tools and CFD codes
Support to design of airbreathing engine components
Support to design of experimental test campaigns and test rebuilding

Analysis of a complete scramjet vehicle configurations

DN N N NN

Feasibility study of a flight experiment of a scramjet propulsion system mounted
on a hypersonic vehicle

Contribution to design of mission, launch vehicle and scramjet propelled vehicle
Feasibility study of a scramjet propulsive system of a hypersonic tactical missile

Feasibility study of a MHD bypass for a scramjet engine

DN N N

Feasibility study of future experimental capabilities for ramjet propulsion

Rome, 30 June 2014 1st International Symposium “Hypersonic Flight: from 100.000 to 400.000 ft”
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Centro Studi Militari Aeronautici
Giulio Douhet

Other Slides
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Scramjet Propulsion: code development and validation (LAPCAT-I) *

O Study of the main thermo-fluid dynamics phenomena in this type of engines
O Trade-off analysis of kinetic models for Air/H, combustion

U Typical supersonic combustion features: mixing process in a normal-injection
configuration; mixing and combustion in a parallel-injection configuration; scramjet
combustor in fuel-off and fuel-on conditions

The image
. .
D C3NS COde Va||dat|0n o
The image cannot be displayed. Your computer may not have enough memory to open the image, or the image may have been corrupted. Restart you
8 computer, and then open the file again. If the red x still appears, you may have to delete the image and then insert it again.
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Ram/Scramjet Propulsion: combustion modelling (LAPCAT-II)

U Detailed and reduced kinetic schemes for Air/H, combustion in presence of NO,

O A detailed reference scheme has been selected and its results have been compared
with available literature experimental data in different p and T ranges

O A proper reduced scheme has been selected able to predict NO, emissions in the
typical operating and off-design conditions of the Mach 5 and Mach 8 vehicles
propulsion systems, suitable to be embedded into a CFD code

H2/Air Combustion with 0.5 Mole Percent NO . Ignition Ej;’i}}f,ﬂ;"&:s}mperamm
4 Ignition Delay Time vs Temperature 10
10 -
/
p=0.2MPa / -
/ Stolchiometric Mixure
O Slack&@Grillo (Exp)
Jachim owski (33 reac.)
> — - —-— Grimech3.0 (325 reac. ) / y A Pang (Exp)
= — — - Miller8Bowman (73 reac) e Grimech 3.0 (325 reac.)
=03 | — — - AllenaDryer (61 reac,) / / /6C i Konnov (1027 reac.)
g = Baulch (167 reac.) ) / O =1 Jachimowski (33 reac.)

@ e
£ /= £ 10 =
> A =
= y 7, o) : &
g 70 3

., [a] A

a) e 2
c 7z <]

P K]
] 2 7 A0 E -
;Oé' 10 ) } A / o N S ey
=) Z 7z :
5 7 i

) o ///_ A
-
o
- 00 10°
1 01 L L1 L L L
08 09 1000/T [1}&] 12 13 1 1.02 1.04 1.06 1.08
1000/T [1/K]
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Ram/Scramjet Propulsion: engineering tool development, demonstration
and validation (LAPCAT-II)

L SPREAD engineering tool development, demonstration and validation activities of
both engine module and aerothermodynamic module

O Engine module: multi-ramp inlet, mixer, combustor, nozzle with different geometry
assumptions (constant, linear, tabulated geometries), detailed and reduced

combustion chemistry, viscous effects

O Aerothermodynamic module: 3-D Supersonic-Hypersonic Panel Method based on
surface inclination methods, viscous corrections

O High flexibility for quick prediction of aerodynamic performance and aero-heating

1 Good comparison with available CFD/EXP/AEDB data, assessment of error margins

* Nose;

+ Wing leading edge:
(Modified Newtonian-
Newtonian)

— « Tail;
(Tangent- Wedge
-Newtonian)

(Tangent Cone-
* Forebody Tangent Wedge, Newtonian)
* Wing;

+ Control Surfaces;
(Tangent- Wedge-Newtonian)
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ESMA

Centro Studi Militari Aeronautici
Giulio Douhet

Ram/Scramjet Propulsion: engineering tool application to nose-to-tail
analysis of MR2.4 vehicle (LAPCAT-II)

Mach 8 » Weak coupling between propulsive and aerothermodynamic modules
0.A. (d 0 L . . .
o e ) -
A-0.A. (deg) » Full application to MR2.4 vehicle (L=94 m) in flight condition
Altitude (km)  31.95 _ _ _ _
P. (Pa) P » Analysis of external aerothermodynamics and internal engine’s flowpath
T. (K) 228.46 es z 3000 1.00
ER. 0,06 RoR=0 deg %/Y ~-SPREAD 090
Thz (K) 500 x = oD 080 -
g —_ 070 1 ~+-3D full (fluent)
) X 0.60 :
M = ~-SPREAD
g 1500 E 0.50 4
2 £ 040 -
g 1000
g 0.30 -
500 0.20 1
0.10 4
SPREAD-ATD simulation 000 | | | | |
N S mm——— O 1020 S0 S0 0T 3000 3200 3400 . 3600 3800 4000
o x [m] x [l

SPREAD-ENGINE simulation

30.50 m (intake) 8.30 m (CC) 55.20 m (nozzle)

» Good general prediction of external aerodynamics and engine’s

internal flowpath (w.r.t. CFD reference) ' 4pp — p_.+p, . =D, -T,

;)/, ? ~Iprop

~ oo
Simulation Comb. Coupling | Owner | ER | L(kN) |APB(kN)| Dy (KN)| Dy (kN) Dyes (KN) [ Dyisc (kN)|  L/D
”“’”’““":““"“""“"‘“‘“' e (FDTURBSAQ 10/ | ETEC | o | s300| 4300 | 46700 | 176,00 | 33700 | 30600 | 739
-J . SPREADISIM | ATDmodule | CRA | 0 | 309597 | 66440 | 40963 | 25477 | 37326 | 29114 | 756
. (7T o % CFDTURBSAQ 10/3 CRA | 06 |337230| 4400 | 51120 | -46720 | -36400 | 40800 | 660
; LLT,LL..,“. CFDTURBSAQ 30/3 CRA | 06 | 33800 19500 | 53400 | -33900 | -25,00 | 44600 | 644
10 o eialom eneine o consant wiith e recangularsecion b o be ke o eSS SPREADISIM | ATD+ENG modules | CIRA | 06 | 297192 | 14372 | 52525 | -38153 | -17944 | 3316 | 566
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