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AFRL/RQ - Aerospace Systems Directorate

> Rocket Engines & Motors
> Satellite Propulsion

> Advanced Propulsion

> Fuels and Propellants

> System Analysis

M Management
> Fuels and Propellants
> System Analysis
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Site Overview

* Over 450 personnel on-site

— Civil service, military

65 square miles
— 135 buildings
— 19 liquid engine stands

— 13 solid rocket motors
stands
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Next-Gen EP Thrusters: Expands operational envelop of USSSF fleet

* Next-generation are expected to

operate at higher density and S
temperature (increased power and - |
efﬁCiency) g OiS Generation
* Investment into these technologies _H, -
can build resilience against future £os A TS0
technology surprises by adversaries S Statg ot the At
== === 11=80%, a=50 W/kg
o1 1-60%, a=50 W/kg

* Predictive forward modeling
capability can shed valuable a-priori : s
. . . Specific Impulse (s
insights into performance of these | | 3

- . Payload fraction, mpay/mo, for different specific power, a, and

deVICeS before an extensive (and propulsion efficiency, 77, for a 90 day, ~6km/s constant thrust transfer
expensive) experimental campaign . Koo, AAS 19-087]
and help guide designers.
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Realistic options for High Power EP

* Electrothermal

* Electrical heating and nozzle expansion accelerates the
propellant

* Resistojets (commercially available)
* Arcjets (commercially available)

* Electrostatic
* Electric field accelerates an ionized propellant
* Hall thrusters (commercial & development)
*lon engines (commercial & development)
* Electrospray directly accelerates ionic liquid

* Electromagnetic
* jxB force accelerates an ionized propellant
* MagnetoPlasmaDynamic thruster(MPD) (laboratory)
* Pulsed Inductive Thruster (PIT) (laboratory)
* Pulsed Plasma Thrusters (PPTs) (commercially available)
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Electrostatic EP

Propellant is ionized and subsequently accelerated through the

application of large electric fields

lon Engine: Applies large potential
between two closely spaced grids
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Hall Thruster: Magnetic field traps
electrons forming electrostatic field

Magnetic
coil
ator
Magneti
Field
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Established 1947
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Electrothermal EP

Propellant is heated by a resistive element, by an arc, or by EM

radiation (RF, pwaves) and expanded out a nozzle

Resistojet Arcjet

AC or DC Power Anode (+)
w*ulator \

Cathode (-)

Heater

Hydrogen, Ammonia, or
Decomposed Hydrazine

Hydrogen, Ammonia, or
Decomposed Hydrazine

300 s (hydrazine)
600 s (hydrogen)

500-600 s (hydrazine)
1,000 s (hydrogen)
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Electromagnetic EP

Propellant is accelerated through the interaction of plasma currents

and magnetic fields = Lorentz Force jxB

MPD: Large steady-state current ionizes
propellant and interacts with self B-field

PROPELLANT > o .
0
THODE _— e CURRENT
oA | ey s INES
- Q"
PROPELLANT > seir
FIELD PN
RS +
ANODE
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PPT: High current arc ablates solid propellant
and interacts with induced B-field

\___Anode |

ping
W Teflon Fuel Bar ‘

— Cathode |

Spark

_{ Plug 4|

Main Discharge ——

Capacitor —

Spark Plug
Capacitor

Specific Impulse: 300 s — 3000 s
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__ U | FRC Thruster

Established 1947
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Some identified challenges

/ (Subject 1o change based on performance study.) Initial estimates are: w

&
EI Isp:1500s P:200kWon Xenon T:16N n: 60%
(o] Response time: 1 m/'s in 300 seconds
© L
&
L
>
= - Increase power throughput
Increase total system Increase T/P from 62 mN/ Decrease system mass to S '
Q - . o of system from 30 kW to ! Improve thruster lifetime to Demonstrate propellant
"—,J efficiency from 30% to 60%. kW to 80 mN/kW. 200 kW. match ﬁ;ﬂ:;nh:nce goal match performance goal. agnostic operation.
o .
(o)
e Diagnostics for assessing
: EL e S s efficiency losses are heavily Efficient high power - L
. Baseline performance plasma is a huge driver of 2 5 = Do pulsed fight-rated PPUs Thermal control of PPU Water in ionic liquids
w0 measurements from FRC energy efficiency and is TEET DI EREs FEDL processing systems (200 kW exist at these power levels? = g
w thruster are not available Iagggy e cb)'; = which can lead to misleading class) for spacecraft do not : components remains a presents a challenge for feed
O - "' t|m pr resuits in multiply charged exist. Power supplies mass challenge, even at low systems.
5 E : species plumes. increases with increased powers (30 kW).
ul—" - - Decompasition of ionic liquid
2 I ) - ] L ) -
Ground-based testing of high Thermak-to-kinetic enen Knowledge base from fusion o e Solid-state repetition rated :
;:t power system WtT.l,h‘g Iarge'g conversion must be o RMF-FRCs is not directly MEDED e L s Large fransients in switched switching requires robust msttfg m&z‘;ﬁ (=i
o propellant loads requires maximized o improve translatable into propulsion ELLEEE O TE R power supplies lead fo limited driver circuts to prevent mis- 9

byproducts.

large, ialized Tacilties. perk ) FRCs. the order of neutral refill time. lifetime.

fire.

Switching large amounts of
current rapidly is necessary
to limit losses.

Little is known about the
Voitage limits of available erosion of an FRC device.
switches are quite low.

It's projected to be small but
this has not well established.
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250
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EEOOOmO
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150 -
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\ 100 eV per Xenon lon
100 ‘

50
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Practical Limits on Next-generation Xenon EP

250

ESEX
MR-510
SPT-140
XR-5
AEPS
NSTAR
NEXT

20 eV per Xenon lon
200

EEOOOmO

40 eV per Xenon lon

60 eV per Xenon lon

Unexplored

s 150 ‘ 80 eV per Xenon lon
: 100 eV per Xenon lon performance envelope
ol = for current generation
TN e HETs is limited
50 : """"""""""""""""
e e — = (14—_—_—___—_—
S =02 ___
° 5(|)0 1 0|00 1 SIOO 20|00 25100 30|OO 35|00 4OIOO

rwe A Solution is to Explore Alternative Propellants
INNOVATE -2022-2220 w
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Challenges of finding an optimal Propellant

High performance High Performance EP propellant
monopropellant characteristics characteristics
1. Large amounts of chemical energy - 1. No internal bonds - fewer inelastic
many internal bonds energy loss mechanisms
2. Low mass combustion products - 2. High mass propellant = increase thrust
provides higher efficiency 3. Low ionization cost = reduced cost to
generate plasma
H\ /H
A
H H Atom Xenon

High atomic mass — 131 amu
Low ionization cost — 13.1 eV

Molecular Hydrazine

Propellant will inherently be a compromise = payoff is at system level

THE AIR FORCE RESEARCH LABORATORY
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What about lodine?

* Triple storage density of xenon / T
* Allows for use of conformal tanks 1,700
* Highly reactive |

e Potential spacecraft interaction ol liquid
e Ground test facility considerations

[1]

o 8

=

(0]

5 4 2

[72]

o 1013 ¥ .

o

i Target
121 .& . vanour operqting
0.027 Na"| region*
20 1135 113.7 184.3 546

Temperature/°C

https://uwaterloo.ca/chem13-news-magazine/october-2015/feature/sublimation-iodine-rise-and-fall-misconception
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lonic Liquids (ILs)

* Molten salts with m.p. <100 °C.
« Asymmetric ions with diffuse charge distributions.
« C*A : 1018 possible combinations of cations and anions.
Vaporization pathways
« C*A (D> C*A(g)
C*A- > C*A- + e
« C*A- only weakly bound.
C*A > C"+A +e
« Detection of C* basis for evaporation as ion pair.

lon attachment to ion pair?

Determine dipole of ion pair?

THE AIR FORCE RESEARCH LABORATORY
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Experimental: SIFT Spectroscopy

CARRIER GAS INLET

HEATED IONIC LIQUID VAPOR INLET

SOURCE GAS
INLET
QUADRUPOLE QUADRUPOLE
= Hi I 1l
g = | T=170K N |
rm [ ] I_Il |
J l l ELECTRON
UPSTREAM INLET TURBO MULTIPLIER
ROOTS
DIFFUSION TURBO PUMP PUMPS
PUMP PUMP
ION ION SELECTION REACTION FLOW ION DETECTION
SOURCE REGION TUBE REGION
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ion trio formation

Co"A' + ion —— EMIM+NTf2- + NO+
s EMIM+NTf2- + NH4+
0.2 we EMIM+NTF2- + NO3-
' e BMIM+dca- + NO+
O — : "
< 04 - L C*Aion complex
.8 e EMIM+ + EMIM+NTT2- SUWiVES
E -0.6
&
'5 0.8
c C*Aiion complex
A dissociation
C*Aion complex
-1.2

J. Phys. Chem. Lett., 2011, 2 (8), pp 874-879
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Unregistered]

_ - _ G |
o o) Do »0 2
\N/ H \N/ O+ 20
| | "/('I i NH,—NO
+ Je—
HN N NH | 2 2
\"/ HN NCO l
e} 0 T
o m
B ol H,O + N,C
DNB -

HNCO + N,0 + CO,

Geith, J., Holl, G., Klapétke, T. M., Weigland, J. J., Combust. Flame, 2004, 139, 358-366

J. Phys. Chem. A, 2008, 112 (34), pp 7816—7824
DOI: 10.1021/jp8038175
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trigger photodiode

Rapid Scan
FTIR Spectrometer
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ND filter

HeNe Laser

/ reaction container

e -

4!

e -—————

cut on filter

1) Ignition drop tests: preignition chemistry
2) Temperature-jump: thermal decomposition
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lonic Ligquids Ignition

* How do hypergolic ionic liquids thermally
decompose?

* |onic liquid heated in vacuum and vapors detected
by tunable VUV photoionization TOFMS.

* Thermal decomposition mechanisms confirmed by
molecular dynamics and by ab initio calculation of
ionization potentials of products detected by VUV-
PI-TOFMS.

* Incorporate thermal decomposition products into
improved chemical kinetics model to calculate
ignition delay times.

>
=

)

=

)

2
=

50 60 70 80 9 100 110 120 130 140 150 160 170

m/z

J. Phys. Chem. A, 2014, 118 (47), pp 11119-11132

molecular dynamics

Bond Length (A)

(AFRL/RQ, Leone Group/UC Berkeley/LBNL and Liu Group/CUNY)

0 500 Trajectory Time (fs)

J. Phys. Chem. A, 2014, 118 (47), pp 11133-11144
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Reactive Species Phenomena and Modeling

Molecular propellants have more reaction
pathways that absorb electron energy.
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1.00E-17
—_— C02 elastic

- = =02 fonization
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- — = Ar ionization
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= - = CO2 vibrational 010

CO2 vibrational 001
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Electron Energy (V)

~s—__ Molecular gases have a flow rate at which

they generate peak density
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Multiphysics and Multiscale Challenges

Disparate length-scales (conditions from J. Slough et
al., IEPC 2009-265, 2009)

. 10um < Ap, < 100um
Laevice ~ 100cm

. 100cm < A;; < 1000cm

. 80cm < A < 500cm

FRCs are dynamical systems (relative to quasi steady-
state HET). Transient physics of plasmoid formation
dictates the performance of the device

. Tpe ~ 1fs

Tgyro,e ~ 100fs
. Tee ~ 0.1us

Tsim ~ 20us

Multiphysics: System evolution and energy transport
driven by complex interaction between plasma and
radiation

THE AIR FORCE RESEARCH LABORATORY

Electron mole fraction

Established 1947

— |
‘ ‘ \
‘ | ) Up stream \ Down stream .
Up stream Down stream 2 | |
| : | |
| Q |
Q | .
/ 2 -
[ =
( —— whRT-CR
| —— w/oRT-CR }
| —
|
| —— Thw/hRT-CR —— Thw/o RT-CR
Taw/h RT-CR Tew/o RT-CR
Position Position

Traveling ionization shock wave illustrates the importance of coupling between

plasmas and radiation at high temperature and high density conditions. Photo-ionization increases
electron number density upstream of shock, increasing electron concentration. Further, radiative
transition leads to narrower internal relaxation region due to larger concentration of free electrons at the
shock location.
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Kinetic Treatment for Plasmas and Radiation: Curse of Dimensionality

Plasma: d.f, + Vy - (vf) + Uy - (af) = XC(fa. f2) + €L, fi)

Radiation: 1,1 + q. V1 + o[f]l = 3Si[f] g

l

r=rxvand I, = I,(x,0,¢,v) are distribution functions for plasmas and
photons

Approximate solution on a 6-D tensor product grid, v, ) ~ Fr e RNV XNaxt Xy, xNy,

Cla?sica)l grid-based approach scales exponentially w.r.t dimension (CPU
COSt « N©).

Running a single resolved simulation requires world class compute
resources

Routine calculations for parametric scan of design space are beyond
tomorrow’s compute capability.
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Algorithms to address dimensionality and time-scale challenges to enable routine
simulations of coupled kinetic plasma and radiation physics

* Evolve compressed low-rank
factorized tensor basis instead of

the direct dense tensor .. Fully Coupled Solve for LO Moment Field System ...
representation g{i.e., for 2D data, r~ { e :
s ¢.x.v, Instead of rerz Where ¢, er, o b otV uE =0

mrerneras "a,mlk+Vx'[ml®ll+IP—r]k—%(nkE"+uk><Bk)=0
- 1

Radiation
VUV, [uU+P) —u- o= 0] - Lpuk BE =0 -
[] m

OEE+V, - Fo+ oheEf= s+ | &
cloF +cV, - “' 4o Fk =0 ? """" E

6(1” Y,)eRVY and r«n )

. _0(N6) - i Maxwell
o6r® + 6rN) If low-rank manifold exists ;i ViE=an clEsgm=vxs
« Time-scales to be dealt with using a TSI
mUItl'leve_I HOLO method that uses P - Separate Picard P
self-consistent moment equations as i “7 " §5% O Kineio System i
a nonllnear precondltloner for the ............ af 4y v iy (g yxBY) .V, =0 c—law:m.v1k+l+a(,.k,nuk)1k+l=s(,.k,nuk)'""""":

coupled kinetic equations
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Modeling HET Using Unsteady Electron Mobility Model
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\gamma is a prescribed function of discharge current phase .
Time
Katz, et al., “Hall2De simulations with an anomalous transport

model based on the electron cyclotron drift instability”, IEPC 2015
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USSF Perspective
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Realistic evaluation of Spacecraft Propulsion

« Spacecraft Propulsion is a subsystem

« For most of the relatively brief history of
spaceflight, the focus of satellites has
always been on the payload

« Even for the most energetic on-board
propulsion system ever flown, the payload
defined the mission

« Spacecraft designers and operators are
masters in balancing subsystem selection and
optimization to generate desired effects

 Traditional spacecraft design and CONOPS
do not value aggressive performance
enhancement of spacecraft propulsion
systems

DAWN
! (Xenon lon Engine)
~11 km/s Delta-V

AEHF
(Hydrazine)
(Biprop Apogee)
(Xenon HET)
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Space Logistics and Mobility 2030

Upgrade/Repair via Modularity L; s XGEO SDA i

Enable high-performance processing > Provide support for US interests
Upgrade electronics / sensors » Tailor orbits to time of year and lighting conditions

Upgrade with new capabilities » Augment space traffic control along XGEO lanes and
Evolve capabilities along with missions and threats around Moon

The “Immortal Spacecraft”

Orbit Repositioning
> Move assets at will
> Decommission at end-of-life
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Autonomous RPO-Docking J

> Inspection and characterization
"i > Multi-agent collaboration
,.1 ﬁ > Explore disaggregation beyond LEO

-

Responsive Launch

> Launch to any orbit from any location
> 24hr launch call-up

> Hot-swappable payloads

> NEVER launch ballast again

XGEO Operatlons

y < > Enable and protect commercial shipping lanes
> Support civil exploration of deep space
> Comm, PNT, processing nodes
» Maneuver dominated regime leverage multi-mode propulsion

Maneuver Without Regret

Unlock spacecraft from fuel constraints that currently exist

> Maneuver and reposition assets with impunity 9/ . \@\
> Protect and defend US government, civil and commercial interests Ve e Y
> Enable truly persistent assets and platforms throughout XGEO D .
R ynamic
e Response &
o ]
ﬁ On-Orbit Assembly and comeIex:H .
. osition orbital assets a
MaHUfaCturl ng time and place dictated by

»> Assembly and construction of large structures
> Basis for space based logistics chain

> Enable space commodity exchange

> Tailor structures for environment not launch

Mid-flight Refueling

Use fuel required for the mission

dynamic scenarios
Create uncertainty through
complexity

Novel Orbits
* 4 Learn how novel, low-energy
: orbits can be exploited

Map the dynamic Earth-
Moon LaGrange Points

Decrease transit time/Increase revisit rate
Fly novel flight paths for mission requirements >
Single fuel type multi-mode propulsion

Decrease launch mass with corresponding cost reduction

GEO - 2x GEO 3X GEO - 11/12

Approved for public release; distribution is unlimited. Public Affairs release approval #44526
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P, a, n/1sp, $, t

USSF does not have a preferred spacecraft power level. Needs span the gamut:
« <1kW pLEO / CubeSats
« 1-10 kW ESPA thru GeoSats
« >100 kW Space Tugs / Manned Missions

- C.G. is probably somewhere in the middle, but scalable technologies offer a lot of systems engineering
flexibility.
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P,a,n/lsp, $,t

Solar panels are ~100W/kg (so 0.1 kg/kW for generation)
Current HET solutions at 10 kg/kW (including PPU)

- There is are very large avenues for improvement in thruster system technology here
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P, o, m/Isp, $,t
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150 |
© SPT-140
® BHT-200

. . @ SPT-100
(@] -
High T/P at low Isp is 0 XS
still of supports 100 [ e
. = ®  NEXT
responsive space = \
: E
operations @
50
Very little point in optimizing pud

performance when the baseline is /’ o e
already fairly high.
* Molecular propellants still have a

, >3000s is of vanishing utility for
lot of room for improvement

all but the highest power
systems
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P, a,n/lIsp, 3,1

This is perhaps the hardest part of the puzzle - how can basic science address the cost and time to transition a
technology to operation

- Consider the mission assurance barrier to demonstrating high TRL

Key concerns (particularly associated with lifetime):
« How much extra confidence do we get from the N+1% hour of testing?

 How do we actually validate that our confidence predictions were good?
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Adapting to the new paradigm

Great proposals may not be the *most* directly relevant to immediate
problems

Adjacent
technology

Your
Proposal

Innovation captured
in your underlying
approach
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Relevance of Digital Twins to Rocket Propulsion

Present State Future State
Mission Assurance is huge barrier .. Shift focus from up-front MA to
. New opportunities learning over lifecycle
to transition
. E _ deli fid * Real thruster and DT are born at
=XPENSIVE t.o €liver confidence Embedded sensors, high the same time (initial life estimate)
in huge delivered total-impulse speed DAQ (data revolution) * During operation, continue to

* Less than stellar confidence

update lifetime estimate (with
tighter error bounds)

e Better and faster models
(physics-based and data-
driven)

* Leapsin edge computing

Direct ~200k >S15 M
Indirect <1 M >S50 M (Est) / 7 yrs

Baked into the entire space — Feedback from in on-orbit operation
enterprise is a conservatism based lets operator trade risk to learn from

on lack of feedback pushing performance envelope
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Underlying challenges to DTs

* Nothing new here > Feedback loops are at the heart of knowledge generation
» DTs represents evolutionary integration of existing M&S and experimental competencies

« Data is ubiquitous

« DTs are about shrinking the gap between data-driven and physics-based models
« Data-driven models - rapidly deployable; use fleet to build statistical
confidence; critical for attacking lower end of market; but, interpolative
* Physics-based models = anchor confidence to extrapolate (predict outside
convex hull); necessary to reach new performance levels
 Models are scaleable and can be transferrable (especially physics-based)

Q
Qo
<
I
G
=
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Taming the Data dragon

Closing feedback loop is not trivial 2

* Not all data is created the same . . . .
. Shocking amount of data Learning to exploit nonlinearity =

generated is redundant Emergent dynamics are the key
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Fuse Additional Observables
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Questions?
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