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Proposed crewed and robotic exploration activitiesdemand that high-performance,
cryogenically fueled, in-space stages perform higtielta-V missions that range from days to
months in duration. In 2011 ULA presented a concepfor the integration of in-space tank
pressurization/vent, power-generation, attitude cotrol and vehicle propellant settling
functions into a single system based on the utilitan of waste hydrogen and oxygen boiloff
gases in a small, simple internal combustion engirend bipropellant thrusters. This system
is called Integrated Vehicle Fluids or IVF. Much ha been accomplished over the past
months leading to further refinements and simplifi@tion of the system architecture. Flight-
analogous engine and thruster hardware has reached high maturity and could be
considered for application beyond existing cryogeuistages.

Nomenclature

ACS = Attitude Control System
GH2 = Gaseous Hydrogen

GHe = Gaseous Helium

GO2 = Gaseous Oxygen

ICE = Internal Combustion Engine
ISG = Integrated Starter Generator
IVF = Integrated Vehicle Fluids

Isp = Specific Impulse

LH2 = Liquid Hydrogen

LO2 = Liquid Oxygen

MR = Oxygen to Hydrogen Mixture Ratio
ULA = United Launch Alliance

I. Introduction

One year ago ULA revealed an innovative auxiliagwpr system for in-space and upper stages called
Integrated Vehicle Fluids (IVF). IVF eliminates d@r batteries, pre-loaded high pressure helium addabkine or
other secondary propellants and instead providekesde functions by using waste hydrogen and axyasloff. It
accomplishes this with two novel devices: a compdletlge gas burning thruster and a small intermahlzustion
engine. Working together with simple generator, poeasors and a compact battery it can not only atigxisting
stage requirements but is imminently suited foesag€ritical, longer-duration, high delta-V missgthat cannot be
effectively accomplished without enormous mass |tieisa

The simplified schematic for a single IVF modulesisown in Fig. 1. Two modules are used on a vehicle
illustrated in Fig. 2. The IVF engine consumes $malounts of H2 and O2 vent gases producing setthnust as
exhaust, shaft power for a generator and two pusnpswaste heat which is rejected to incoming celittants for
engine cooling. At higher power settings excess tseased to vaporize liquid propellants for pregsation. These
low pressure gases are pumped up using shaft ptov&r10 Bar and returned to the tank ullage spdoes
pressurization. Vent gases are also consumed ibadiing thrusters for vehicle settling and attitwdatrol.
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II.  Hydrogen-Oxygen Thruster Development

Thruster development was commenced first in the /

evolution of the IVF system and the hardware h
matured enormously. IVF initially required both hig
pressure short-pulse lateral thrusters and lowspres
ullage-pressure fed axial settling thrusters. Worklate
has shown that only four low pressure thrustersl ise&
gimbaling mode are required for all present hydrazi
reaction control system functions. Further refinatmef
the IVF architecture has led to the thruster deshlymwn
in Fig. 3. This nominally 27 N thruster, fabricate
principally of aluminum alloy, has been undergoir
extensive vacuum hotfire testing with outstandiespuits.
Consistent operation has been demonstrated oaerge r
of mixture ratios from 1 to over 5. Typical Isp vat are
approximately 400 seconds — a substantial impronem |
over the 235 seconds of a typical monopropell
hydrazine system.

Three ignition exciter devices, two electronic ame
piezoelectric, are still being traded based ondas but Figure 2. IVF Modules Mounted to Centaur Vehicle
all have shown success. Testing has shown that amitt.
effective injector design, the spark energy reqlifer
reliable ignition is extremely low; nearly an ordef
magnitude lower than anticipated at the start
development. This has lead to a significant redunctf
exciter complexity, cost, and size.

With the maturation of the combustion and ignitid
devices the development focus has turned to
cryogenic propellant control valves. Making a ligh
weight, low-power valve with low pressure drop thah
seal effectively with hydrogen at cryogenic tempenes
and accomplish this with a lifetime measured in yna
thousands to millions of cycles has historicallyebe
difficult. Ongoing development is focusing o
understanding the precise force requirements fak l¢
tightness and vibration tolerance. Initial resulise
promising.

Figure 3. Low Pressure H2 Thruster
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lll. Internal Combustion Engine Architecture

Development efforts in 2010 and 2011 tested offshelf single-piston and 200cc Wankel engines \pitihe
H2/02. Results were excellent and many lessons lgareed. Chief of these being that burning hydnégeygen
at low mixture ratios in an IC engine was not opbssible but imminently practical. In fact, theitgpn and burn
characteristics of hydrogen were astonishingly jgtatlle with statistical variation in the combustiprocess being
a small fraction of that seen with gasoline or ematural gas. The combustion process did not leatdktonation
behaviors or pre-ignition. Exhaust gas temperatatethe low mixture ratios of interest were hundredl degrees
less that with gasoline, lessening the risk to eghaystem components.

The leading candidate for the flight design at dlset of testing was a Wankel configuration duégorery
high power/mass ratio and lack of valve train. hefm in the design of a Wankel is that there arentervening
“strokes” (as compared to a 4-cycle engine) tovallbe combustion area to cool. The extremely rapichbustion
of hydrogen and its high flame temperature lead tmhtly focused heating area around the spary.phudrastic
temperature variation was observed over only ademtimeters even with an aggressive external ailirap system.
This would have lead to tight restrictions on tlealp mixture ratio and established an undesiralgierthl distortion
of the engine case that would have inevitably l@adn extensive and costly development effort efltteral and
apex seal lubrication and cooling mechanisms.

The key engine requirement was to have a robustsangle design that would maximize use of commércia
experience and off-the-shelf hardware. The deggmttraded high-performance configurations likeahecooled
Wankel, and decided that a liquid-cooled Inlinel®) (cylinder engine offered the best combinationwadight,
operating robustness, performance, heat rejectisindancy and low vibration. Compared to the Whnike
offered a well characterized lubrication system &ad large areas for extracting waste heat viadarahliquid
cooling. Waste heat is used in IVF for propellaaperization; the more available, the more robust dkierall
system design.

The multi-cylinder design also offered operatior@iustness since one or more cylinders could kebiid and
the engine would continue to run. Because of therlap of intake strokes in an 1-6, the flow of gasierough the
intake system is more regular and can be moreyeasidulated with simple devices. This eases mixtateo
control and simplifies the electronic control systeSimilarly, the power delivery is very smooth hvitminimal
variation in output torque over 720f crankshaft rotation. This meant that time-cotesis power could be directed
to pumps and generators. It also allowed the eltion of a heavy engine flywheel since the generatal other
rotating devices were sufficient. The larger displaent allowed elevated power delivery even at maadeRPMs
and also provided large margins to address anydubads or desired growth.

The basic design of the Generation 1 developmeginenis shown in Fig. 4 and Fig. 5. The IVF ICEyonl
displaces 600cc with a compression ratio of 6.5 anddline of 8000 RPM. Renderings and photograghhe
engine are consistently misleading — the engirariazingly small, at less than 700mm long, despiteffort to
remove excess material. No effort was applied edsimass from the Generation 1 engine but it idylikewill
weigh less than 50Kkg in flight configuration.

The ICE is effectively two three-cylinder enginebieh sandwich a common gearbox. The gearbox previde
3:1 speed increase for the Integrated Starter-Gesrewhich allows it to operate at higher speedsiarproves its
efficiency both during motor and generator modes.il¢ermediate power take-off drives the IVF congs@s via
clutches. Fig. 4 shows the central gearbox withvméous power take-off provisions.

The design is a classic “flat head” which allows tbntire valve train to be housed in the block/kcase
assembly. The valve train and gearbox cavitiessagregated from the crankcase in separately lubdcsealed
closed cavities — similar to many flight provenides. Only the crankcase has a flow-through lultiacasystem
which cools the pistons and lubricates the roligment connecting rod and crank bearings. Thekcese acts as
an accumulator for the incoming hydrogen gas. Ristog blowby gases are scavenged by this hydrageh
extracted from the case with the lube oil. A typioantrifugal separator allows recycling of lubéanid delivery of
this gas to the engine intake manifold.
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The “retro” design of the 16 is reminiscent of asdic Ford flathead V-8 design of the 1930s. Tleeggnes,
while being incredibly tough, had a reputation fequiring oversized radiators since exhaust gasaues were
close to block cooling passages and more heattytmécal was transferred to the coolant. This hegation feature
is much desired in the IVF engine since we wisbdavenge heat for tank pressurization. This allasvi® eliminate
the extraction of heat from the thrusters, a featir earlier IVF designs, and keep all heat exchafugctions
within the engine. The engine head, which briddpesléngth of the engine, contains the heat exchangaces for
rejecting heat to incoming hydrogen combustion gasyell as vaporizing both liquid hydrogen and gety for
tank pressurization.

Figure 4. IC Engine Exterior Design — Gas Manifoldig Provisions Credit: Roush Industries
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Figure 5. IC Engine Exterior Design — Power Take GfProvisions Credit: Roush Industries
4

American Institute of Aeronautics and Astronautics



The engine valve system was designed for simplicibppustness and reliability. The valve-in-blocksige
allowed a direct gear drive for the camshafts frilme crankshaft without intervening belts or chaifike cams
directly actuate the valves via a simple tappes #noiding rocker arms or other mechanisms. As tighimagined
there has been little performance optimization waoke on flathead engines in recent decades sgtiahtools
were of limited benefit. The valve lift and headeimal geometries were optimized based on direet tiesting.
Small contour changes in the head had significanefts to performance.

For initial testing the engine will use a commelrciail-on-plug ignition system. Follow-on configdians will
likely be derivatives of the electronic ignitiontams being tested on the hydrogen thruster. Basegrior testing
there should be no need to create custom spark.plug

Accustomed as we are to atmospheric IC engineshwbignp nearly 80% inert gas, the mass flow rates of
hydrogen and oxygen for the IVF ICE are surprigirigiv. Approximately 2 kg/hr of hydrogen and halat amount
of oxygen will be consumed at low power settingsgiag up to 12.5 kg/hr at peak power. Metering sla
flowrates and pressures required a change of tgaarfrom traditional plate-in-bore throttles seenanitomobiles.
Testing with these throttle geometries showed thatlow pressure H2 simply bypassed the meteriagneht by
passing through clearances. Instead a device akarmedical respirator controller is used to méter flow of
hydrogen into the engine. These devices exhibitrélogiired precision required to modulate hydrogeth fat low
and high flowrates. The throttles establish theaffe mass of hydrogen present in the combustimmber and
this is matched by injecting O2 to establish theirdel combustion mixture ratio.

Analogous to an automobile fuel injector the IViettors are capable of variable on-time to delipegcise
amounts of oxygen to each cylinder. At peak RPMsvan injector will be firing more than 60 timesacond for
durations on the order of a millisecond. WorkinghaRoush, Moog has extended their no-slip-fit cahgblenoid
valve line to perform this function in pure oxygeamd do it for 18 million cycles.

Integrated Starter-Generator (ISG) hardware deeglap 2010 for the testing of the off the shelfdfigines on
hydrogen was redesigned and refurbished to supperhigher shaft speed and greater starting toagseciated
with the 16 engine. The ISG produces approxima®)p Vdc in generation mode and requires 270 Vddindur
motor mode. Start up of a six cylinder flat headira with hydrogen as the primary manifold gassfatbmewhat
outside the historical background of IC engine knag experience. Conservative analytical assumptiomre
applied to assure a robust engine start capabfitgordingly the ISG was improved to be able topyphis and
also to be capable of providing up to 4 kW of eieat power.

The astonishing pace of Lithium battery technolegplution has been hugely beneficial to the desifjthe
IVF battery. Operating at approximately 270V thdtéry takes advantage of the 300Vdc output of B& Ito
maintain charge. This is very similar to a hybridcasystem and indeed it operates in an analogmisdn. Unlike
in traditional launcher batteries or even a hylaido the total energy stored is not the principieed since the
energy demand is very low. Under a failure condi@m IVF battery would be asked to deliver apprataty 115
W-Hr during an engine shutdown event before reah&nggine startup consumes only 15 W-Hr. What iscatiis
the peak power which is demanded during brief (sd€) transients- the worst being ICE start. Whaleisired is a
small capacity battery with a high discharge ratd eeasonable charge rate. Preliminary estimatggest a very
simple battery configuration with an approximatessiaf 6% of today’s battery is practical.

The IVF pumps are based on designs which have le&ssting for over a year with excellent resulibis
critical element has proven to be a straightforndedign with robust performance. Capable of hagdbioth liquid
and gaseous hydrogen and oxygen the pumps areecbdipéctly to the engine power take off shaftagsilutches
just as in an automobile air conditioning compresso

Under nominal mixture ratio conditions of 1.0 arekd pressures typical of ullage conditions the WaE
produce on the order of 20kW (26HP) of shaft povegproximately the total electrical power availabtea Shuttle
orbiter. It achieves this at a combustion hydrofiew rate that is less than the typical boiloffaaif existing in-
space stages. Waste heat released by the enginagdorization will on the same order so in efféwt £ngine
delivers effective enthalpy at a surprisingly higle. For the task of increasing propellant tardspure shaft power
and waste heat are effectively combined to do thekwf pressurization. Since the energy in the ash& applied
to produce vehicle settling thrust it can be argined the overall conversion efficiency approach@d%.

If desired even higher power levels can be achidedimply using part of the hydrogen compressdpuiuto
feed the ICE instead of drawing from the ullagee TEE then becomes effectively supercharged witkndant
gains in power output. Within practical limitatiofithe hardware power could likely be doubled.
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IV. Engine Manufacturing

Manufacturing of the Generation 1 engine wi
straightforward and used common industrial process
The greatest difficulty was in addressing the sreia
of the valves, ports, seals and seats. To sp
manufacturing the upper and lower blocks, crankca
heads and head cover were integrally machined fr
solid aluminum alloy billet. This imposed compléad
in the formation of hollow passages for coolant a
lubrication which required welded-on closeout piate
Fig. 6 shows the upper block assemblies afteraini
machining and ready for weld closeouts. Most oE¢he
closeouts would be eliminated by using simple ogsti
for rate production.

All bearings are short lead-time common industriFigure 6. Rough Machined Upper Blocks
hardware due to the low loading and rotational dpee
The pistons are typical aluminum alloy (Fig. 7) ar
ride in cast iron cylinders with a standard arranget
of piston rings. Connecting rods two-piece stoeknis
from a high power application. Crankshafts, cantshe
and gearing were all custom designs to match
engine requirements but are fabricated from stahd
steel alloys, Fig. 8.

Exhaust and intake manifolds are fabricated frc
welded austenitic stainless steel- no exotic niekelys
are required, Fig. 9. Wherever practical redundeats
were used to reduce the risk of hydrogen leakage.

The Generation 1 engine was optimized f
experimentation and hence has external cooling :
lubrication systems. Each cylinder has a dedica
coolant supply. Multiple return ports are presenthsat
flows can be adjusted and balanced. In a simi..
fashion separate lubrication supply ports are pledi
for each cylinder. Varying configurations of lutaton
injection hardware can be tried and injection puess
and flowrates controlled.

The all up engine was completed in August 20
and is shown in Fig. 10 and Fig. 11.

Figure 7. Pistons In Inspection

V. IVF Architecture Alternatives

The use of a simple piston-in-cylinder engine on
ultra high performance in-space stage seems taube
of place in a technology landscape dominated b h
speed turbomachines, fuel cells and solar pan
Didn't we move into the jet age? How could thi
possibly be a good solution? At the outset we, teld, Figure 8. Rough Machined Cranks and Camshafts
like we had wandered into a technological twiligl
zone.

The key to understanding is that the high workltesk for the system is not producing electricitytumning a
shaft to drive a hydraulic pump. Tank pressurizatothe dominant activity and it demands the dgihof enthalpy
to the main tank ullage spaces — whatever the soilitee IVF engine is superior to other lower terapge systems
in that its waste heat is of high quality and iffisient to turn cryogenic liquids into vapor. Haif the inefficiency
of a heat engine is put directly to work pushinthafpy into a working fluid for pressurization atiée remainder is
used to produce the small amount of thrust requesttle propellants.
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A turbine could be used for such an application
it would be exquisitely small with extremely higl
rotating speeds to produce only 20kW with low dns
hydrogen as the working fluid. Provisions for heat
shaft power extraction could be made but the olel
developmental complexity of cooling, lubricatior
ignition, control and power take off at this vergyw
power level seemed daunting compared to the
engine. The use of such small turbines on grousede
installations is virtually unheard of. Virtually whole
new technology would have to be developed
substantial cost and risk.
Similarly a fuel cell could be used to drive IVFtkvi
the advantage of no high speed machinery and
extensive history of spaceflight. Proton Exchan
Membrane (PEM) cells have shown a tremendcrigure 9. Exhaust Manifold
amount of promise in recent years. However, 20kW i_
relatively large fuel cell for flight applicatiorsnd because all power is produced as electrickyc(ampared to
perhaps 10% for the IC engine) it must be convexiedmotors to shaft power with their attendanttshing
systems and losses. This grows the fuel cell toemddconversion efficiencies. Reactants are onhswmed at a
mixture ratio of 8 — which is generally insufficiefor regenerative cooling so unless a bulky anstlgaadiator
system is employed a larger flow of hydrogen mesblought to the fuel cell to maintain thermal istaBrom a
consumables standpoint the fuel cell loses its atdege over the IC engine. The PEM cell efficiergyaunded on
low operating temperature which produces condeliged water which must be disposed of without pdavg any

Figure 10. IVF Engine Assembled — Fluids Handling i#e

benefit for vehicle settling. In general, the usa duel cell system would be most advantageousiewed vehicles
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Figure 11. IVF Engine Assembled — Power Take Off 8e

where the water produced has a strong positiveenfte on vehicle mass. For cryogenic propulsivgestéhe cost
differential between IC engines and fuel cellslijkiavors the former.

VI. IVF Applications

The effects of IVF on upper stage performance amarkable. An existing Centaur goes from a vehidgté
nominal two main engine burns and 8 hour flightatian to one capable of 10+ burns and flight dore&imeasured
in multiple days. Burnout mass is reduced by 10% propellant residuals can be used to dispose eofstage
without mass or cost penalty.

The effects on future designs which can fully lexger IVF are shown in Fig. 12. The left image shawsext
generation upper stage aft equipment shelf witHiticmal systems. The image on the right showsideatical
vehicle using IVF. The system mass reduction f@ ¢bnfiguration is in excess of one ton.

The availability of a light weight system which ctaike low pressure ullage gases and turn thensintstantial
heat and power at high efficiency with relativelymdane hardware opens the doors for many applitateyond
the initial usage on existing upper stages for qarézation, attitude control and power generatldir can be used
to directly drive cryogenic pumps for a small scadeket engine without requiring power extractioani engine
nozzles. A single IVF module could readily driv&é200N (1200 Ibf) thrust hydrogen engine while sitanéously
doing tank pressurization and thruster operatigbsmplete systems integration could then be accoimgdi
including the main engines. Cryogenic pump techgielo can be used to rapidly transfer propellanth bospace
and on planetary surfaces. Airlock depressurizat&iorage bottle filling, vehicle refueling can aike these
technologies which are essentially direct extersiminground systems used for decades. We thinktiliey of this
system is as limitless as the application of ICie&g has been over the past century.
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Figure 12. Advanced Stage Systems Hardware — Tradinal vs IVF Systems

VII. Conclusion

Over the past year the IVF system concept has be@an simpler, more robust, and more capable. Mfich
the hardware has already seen extensive testingramy more elements are on the verge. We beliggeigha
linchpin technology for the future and expect te iion flight vehicles before this decade is out.
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