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ABSTRACT

The X-34 is a reusable launch vehicle that will be carried underneath an airplane to altitude of 35000 feet

where it will be launched. It utilizes a single Fastrac 60K rocket engine for propulsion. This engine burns

RP-1 and Lox as propellants and has a single shaft Lox and RP-1 turbopump. With these features there are

three important requirements that must be met during the prestart thermal conditioning of this engine and

feed system. First, the Lox temperature prior to starting the engine must be cold enough to be in the

predefined start box at that pressure. Second, the RP-1 in the single shaft turbopump in close proximity to

the lox must not freeze significantly where it effects turbopump or engine operation. Third, the chill phase

of the prestart countdown has been allocated 7001b of Lox which if exceeded starts to effect mission

performance. Extensive testing and analysis has been performed to evaluate the chill characteristics of the

Fastrac Engine as well as test facilities and X-34 Lox feed and bleed systems.

INTRODUCTION

The captive carry phase of the X-34 launch is the period that the X-34 is attached to the L 1011 aircraft and

the aircraft is airborne. During development of the Fastrac engine, it has been thermally conditioned before

start, using many different procedures and with many different facility configurations. None of which have

exactly duplicated the X-34 captive carry flight conditions. The X-34 feed line is smaller than any in the

ground test program. The flight environment as well as the helium supply to the turbopump buffer seal is

expected to be much colder. A thermal model is being developed to assist in determining the flight chill

procedure and to show that the requirements can be met given the vehicle configuration and the colder

conditions.

Experiments have been performed to characterize the RP-1 freezing hazard and to determine Lox and LN2

boiling heat transfer coefficients. A thermal model using SINDA has been created that simulates the chill

down of all the mass in the feed system, turbopump, and bleed system. An integral flow model of the Lox is

included to get the transient flow rate through the system. Logic is included which will simulate each of the

ground test facilities and X-34, Lox or LN2, and with actual valve sequences and tank pressure profiles.

FUNDAMENTAL TESTING

RP-1 FREEZING CHARACTERISTICS

Simple tests were performed to provide an experimental basis for some aspects of this problem. All that

was known of frozen RP-1 was the freezing temperatures listed in text books and property books. RP-1 was



frozeninanaluminumtrayusingliquidnitrogenandastheRP-1thawedthetemperaturewasmeasuredand
physicalpropertieswereobserved.Theresultsindicatedthatthereisno freezingtemperaturebuta
transitionthatoccursbetweenthetemperaturesof400Rand350R.Astemperatureisreducedbelow350R
thesolidwaxincreasesinhardness.Thesetemperaturesareapproximatebecauseduringthawtherewere
manyphases,andtemperaturesexistingsimultaneouslyinthetray.Thistestshowedconclusivelythat400
Rwouldbeasafelowerlimit,andthat335Rrepresentsasignificantrisktoturbopumpoperation.RP-1is
shownin figure1withatemperatureof373R(-87F). Table1liststhetemperaturesandcorresponding
physicalobservations.

Figure1:FreezingRP-1InaTray Figure2:FreezingRP-1onTubeWall

A secondtestwasperformedto determinehowmuchfrozenRP-1wouldaccumulateona coldwall
submergedinwarmRP-1.LN2flowedthroughthetube,andthewalltemperaturewasmeasuredtobe160
R. Againtherewasnosolidliquidboundarybutatransitionthatoccurredasthedistancefromthewall
increased.Thismadethicknessmeasurementsrathersubjective.Thistestshowedthatif bulkRP-1
temperaturesremainedwarmnosignificantbuildupofsolidRP-1cantakeplace.Aconservativeapproach
tocalculatingfrozenthicknesswasdeveloped.Figure2showsathicknessmeasurementbeingtakeninthis
experimentandtable2showsthevaluesforfourseparatemeasurementsandanaverage.

Table 1: Frozen RP-1 Observations Table 2: Steady State Thickness Values

Temperature Description Measurement Value
302 R Hard wax A. .044 inches

335 R Solid wax, softening some B. .082 inches

350 R Soft wax C. .074 inches

355 R Gel D. .024 inches

380 R Gel, thick liquid, rapid warm up average .056 inches

420 R Liquid RP-1 with some solid present
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BOILINGHEATTRANSFERCOEFFICIENTS

Twoexperimentswereperformedto investigateBoilingHeatTransferCoefficients(HTC).Thefirsttest
measured17impellersurfacesasit waschilledinliquidnitrogen.Figure3showsachilledimpellerina
verticalorientation.Figure4 showstheimpellerbeingsubmergedin liquidnitrogenin ahorizontal
orientation.Thesecondtestmeasuredthesurfacetemperaturesoftwosteelplateschilledinliquidoxygen.
Figure5showstheplatesinloxandfigure6showstheinstrumentedplatesonthetable.Aonedimensional
thermalmodelwasusedtoderivetheboilingHTCasafunctionofsurfacetemperaturefromthemeasured
data.Theimpellertestshowednosignificantvariationwithorientation.ThistestshowsthatwhenLN2
envelopestheimpellerthatallsurfaceswerechilledin140seconds.Figure7showsthemeasureddatafrom
animpellertest.Figure8showspredictedimpellersurfacetemperaturesformetalof differentthickness
usingthederivedLN2boilingHTCcurve.Figure9showsthederivedcurvesforLoxandit isanaverage
of theseloxcurvesthatisusedinthethermalmodel.Thecriticalboilingcharacteristicsapparentfrom
testingwerethefilmboilingHTCandthetransitionregionfromminimumtomaximumheatflux.

Figure3:ChilledLoxImpeller Figure4:ChillingLoxImpellerinLN2

Figure5:ChillingSteelPlatesinLox Figure6:InstrumentedSteelPlates
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Figure 9: Derived HTC Curves from Steel Plates in Lox

COMPONENT AND ENGINE TESTING

The first component test series had the turbopump only with an upper lox line bleed and a turbopump bleed

for thermal conditioning prior to start. There were many pressure and temperature measurements in the lox

system and on the external surfaces of the turbopump. There was no flow meter installed which could

measure the low bleed flow rates during chill. The first attempt to chill through the turbopump bleed was

much to slow so an alternate plan to chill through the Lox throttle valve was incorporated. This valve at

40% open and a 4.5 inch diameter line simulates the main oxidizer valve on the engine. There was a

temperature probe installed in the fuel bearing coolant line to measure the fuel temperature behind the

impeller. Many changes were made to the model after this first series. The tests revealed that the 9 tooth

Kel-F labyrinth seal ring and the warm helium are important in maintaining warm fuel temperatures.

External thermocouples on the IPS housing matched well with the model predictions.

The first engine level testing occurred on the Horizontal Test Facility. This series provided the first flow

rate data through the engine bleed which was critical information for model correlation. This facility also

had many pressures and temperatures measured in the lox system. The 9 tooth labyrinth seal ring material

changed to nickel 200 which had a larger operating clearance than the Kel-F. To maintain warm fuel

temperatures helium cavity pressure was raised in the Inter Propellant Seal (IPS). Another significant chill

test was performed on HTF where the engine and lower feed line were chilled with flow through the main

oxidizer valve only. The actual flow rate was 43 lbm/sec which was lower than expected. There was an

unexpected 30 psi pressure drop between pump inlet and discharge which happened when the pump spun to
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2000rpm.Turbomachineryprovidedthenegativeheadportionofthepumpmapandit wasincorporated
intothethermalmodel.Anotherunexpectedresultwastheslowrateatwhichthemaininjectorloxdome
temperaturedecreasedafterdroppingbelowthesaturationtemperature.Horizontaltestfacilityandthe
componenttestinghassuppliedvastamountsof datafor modelcorrelation.Figure10showsthe
turbopump.

Turbine FuelPump IPS LoxPump LoxInlet

60K TPA LAYOUT

23 OCTOBER 1997

Figure 10: Turbopump Cross Section

X-34 SYSTEM AND ENVIRONMENTS

There are significant differences between the flight and ground test experience in terms of configuration and

environments. The flight lox feed line has much less mass and is shorter than HTF or the Component

Stand. The bleed line on X-34 has an inner diameter of 0.62 inches and is 5 to 6 feet long. At the end is a

check valve with an Equivalent Sharp Edge Orifice Diameter (ESEOD) of .43 inches. On HTF the Engine

bleed line is 0.884 inner diameter and 20 feet long with no check valve. The engine with the HTF bleed

configuration flows approximately 3.5 lbm/sec of lox with 67 psia at the engine interface. Helium, Fuel and

ambient air temperature has always been warm in ground testing. The flight cold case helium temperature

is 417 R, fuel temperature 460 R and engine compartment purge temperature reaches a low of 449 R at

engine start. Bleed exit pressure on the ground has been 14.7 psia where flight will be 3 psia at an altitude

of 35000 feet. To alleviate some of the cold environments the X-34 will have a warm purge on the ground.

In addition, a turbopump heater will add 200 watts to the IPS fuel side flange on the ground and 100 watts

during the captive carry phase.
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THERMAL MODEL

A thermal model was created to determine the important parameters that drive the thermal conditioning of

the turbopump prestart. It encompasses the feed line, bleed lines, and most of the turbopump. There is

detailed modeling of the lox also since transient flow rates and lox quality are such important aspects of this

problem. The approach taken is to model the ground test hardware, environments, valve sequences,

pressures and correlate the model. Only then can the X-34 condition be predicted with confidence. As more

test data has been produced the model has evolved to be more complex to match the data. The following

major changes to the model have taken place in chronological order. The first improvement was the

detailed modeling of the Inter Propellant Seal to match the warm fuel seal drain temperature that was seen

on the component stand. These changes include a variable clearance in the 9 tooth labyrinth seal and fluid

nodes with heat transfer for the helium. Then heaters were added along with logic to simulate the flight

designed thermostat set points and tolerances. Then the necessary logic to model all facilities with all the

flow circuits was added with the capability to run complicated pressure and valve position profiles.

Properties and lox temperatures are determined from calculated enthalpy to better model the saturated and

subcooled fluid and the heat transfer occuring in the lox system.

INTEGRAL FLUID MODEL

The fluid in the lox feed and bleed system has been divided in to approximately 60 nodes. At each location

the state of the lox is dependent on the energy balance including the stored energy, energy in and out from

mass flow, and the convective energy transferred to the fluid in the volume. The enthalpy is calculated and
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usedtodeterminethefluidproperties.Fornodeswhichcontainsaturatedliquidandvapor,allproperties
arecalculatedbasedonvolumefractionofvapor,andsaturatedvaporandliquidproperties.Theapproach
tocalculatingheattransfercoefficient(HTC)is tocalculateavaporandliquidHTCandthenaveragethe
twobasedonthevaporfractionbyvolume.
Theflowratecalculationhasproventobethemostdifficult.Thefirstapproachwassimpleandusedloss
factorsandBemoulli'sequationtoiterateonaflowrateineachbleedpath.Thedifficultyhascomefrom
thefactthattherearelargevariationsindensityandHTCthatoccur,causingtheflowratepredictiontobe
unstable.Atapressureof50psiasaturatedliquidis77timesmoredensethanvapor.Nucleateboiling
HTCis ashighas1800btu/ft2/hr/Fandfilm boilingHTCis aslowas20btu/ft2/hr/F.Theflow
calculationwasstabilizedanda goodcorrelationwasachievedforanenginebleedonlychillonHTF.
CorrelationtotheMOVchillonHTFhoweverhasbeendifficult.Thecurrentversionofthechillmodel
hasamorecomplicatedsolutionthatincludesconductorsforchokedflowandcavitation.It isincomplete
atthistime.

HARDWARETEMPERATUREPREDICTIONS

All themasswhichmustbechilledorthatmaytransferheattoanyoftheloxflowcircuitsisincludedinthe
model.Theturbopumpis modeledin greaterdetailin orderto addressthefuelsidetemperature
requirementsaswellasmatchanyIPSandturbopumpsurfacetemperaturesmeasuredin thegroundtest
program.Thefeedlinesandbleedlinesaremodeledsimplywithapproximately60nodes,eachwith the

correct surface area and mass. External heat transfer is included or disabled if the line is insulated.

RESULTS FOR HTF AND X-34

The results presented in this paper are from a version of the model which correlated well with an engine

bleed test on HTF and then was used to predict the X-34 chill. This version of the model did not correlate

well with the HTF test where the engine, feed and bleed system were chilled through the Main Oxidizer

Valve (MOV). The results presented here are for illustration of what the model capabilities are, recognizing

that more features are required to match all the test data.

On HTF the chill sequence typically involves a low pressure chill of the upper feed line through the upper

feed line bleed. When cold liquid is evident upstream of the prevalve, the prevalve is opened beginning the

chill of the lower feed line through the lower feed line bleed and engine bleed. Shortly after prevalve

opening the upper feed line bleed is closed and the tank is pressurized taking the engine interface pressure

from 18 psia to 68 psia. Figures 12 shows the predicted mass flow rate. The first hump in this curve is the

low pressure upper feed line chill. The second hump is lower feed line chill with both lower valves open

and engine interface pressure at 80psia. Flow rate drops in half to 4.5 lbm/sec when the lower lox line

bleed is closed. The next drop in flow rate occurs when the tank is vented. While vented the lower lox line

bleed is opened again and at approximately -1700 seconds the tank is pressurized to 68 psia. Shortly after

pressurization the lower lox line bleed is closed again. Figures 13 and 14 show analysis and test data

respectively for engine interface temperature and how it compares to saturation temperature at that pressure.

Figures 15 and 16 show predicted and measured gallons of lox in the tank. Figures 17 and 18 show

predicted and measured fuel seal drain temperature. It is interesting to note how this temperature rises at -

3200 seconds when tank pressure is reduced and how it drops again at -1700 seconds when the tank

pressure is increased again.

The X-34 analysis is much more simple in terms of tank pressurization and valve sequences. Tank pressure

starts at 13 psia and the prevalve and engine bleed are opened at 0 seconds. Soon the tank pressure is

ramped to 58 psia which is the start pressure for the engine. Figure 19 shows the engine interface

temperature as well as the saturation temperature at the interface pressure. The plot shows the engine

interface temperature constraint being met at 410 seconds. The lox consumption curve is shown in figure
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20andwiththischillprocedureshows700lbconsumedat710seconds.Thestartwindowthenwilloccur
between410and710seconds.Figure21showsthatinthiswindowthefuelsealdraintemperatureatan
acceptablelevelandconsistentwiththegroundtestexperienceof400R. Figure22showsthepredicted
transientflowratefortheX-34bleedlineatthelowexitpressure.

FUTURETESTINGANDANALYSIS

ThereisaplannedtestonHTFwithasimulatedX-34bleedline. DownstreamoftheEngineInterface
Paneltherecurrentlyisableedline20feetlongwith inner diameter of ..884 inch. The last 5.5 feet of this
line is to be modified to inner diameter of .62 inch and with an orifice at the end with diameter of .43 to

simulate a check valve which is in the X-34 bleed line. The X-34 vehicle itself is scheduled to ground

tested with an engine firing included so there will be chill data for the flight feed and bleed system prior to

first flight.

The thermal model is currently being modified to include flow conductors to calculate choked flow and

cavitating flow for valves and orifices in the lox feed and bleed system. Once that version is operational

and predicting stable flow rates, correlation to test data will begin.
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Figure 12: Predicted Feed line Flow rate
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Analysis, HTF Test, Engine Interface Temperature
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Analysis, HTF Test, Lox Volume Gallons
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Figure 15: Predicted Lox Volume in Gallons
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Analysis, HTF Test, Fuel Seal Drain Temperature

52o 
500 ....i..............i......................................i i x;e---c-_--h#O_

480

460

440

420

400

-6000 -5000 -4000 -3000 -2000 -1000 0 1000

Time (seconds)

Figure 17: Predicted Fuel Seal Drain Temperature
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Analysis, X-34 Cold Case, Engine Interface Temperature
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Analysis, X-34 Cold Case, Fuel Seal Drain Temperature
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Figure 21: Predicted X-34 Fuel Seal Drain Temperature
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CONCLUSIONS

Current analysis indicates that all the prestart thermal conditioning requirements can be met although the

exact procedure and timing for the start window can't exactly be determined. There is some flexibility in

the procedure in that the MOV can be opened to accelerate the opening of the start window. Also, once the

liquid starts flowing in the bleed line the tank pressure can be reduced to reduce consumption and delay the

closing of the window.
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