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This paper provides an overview and results of the Multiphase Flow Experiment for
Suborbital Testing payl oad
Space Center, Crew and Thermal Systems Division had previously developed aaSp Shuttle
flight experiment to test the feasibility of a biological water processor for use in zergravity
conditions, and demonstrate sustained operation of a twphase flow system with a passive
gas/liquid separator. Theoriginal payload was modifiedto specifically focuson two-phase flow
and vortex separator operations for the conditions of suborbital flight (i.e., launch, zerg, and
entry). MFEST completed ground and parabolic flight testing prior to two flights on
SpaceShipTwo in December 2018 anFebruary 2019. This paper provides a description of
the overall project and a summary of significant results from the flight testing.
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avg = average
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MFEST = Multiphase Flow Experiment for Suborbital Testing
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SS2 = SpaceShipTwo
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VG = Virgin Galactic

IMMWPS = Immobilized Microbe Microgravity Water Processing NASA
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I. Introduction

HEMul ti phase Flow Experiment for Suborbital Testing
experiment for flying payloads on Virgiangin@edlagsat i c 6s
Space Shuttle experimemite v e | op e d d uhowaveyit wahineverlfl®rd Qué ® mass, crew time, and other
mission limitations. The primary objectives for the suborbital testing were to evaluate the fluid system operation,
vortex separator perforance, and identify multiphase flow issues through laumatrpgravity,and entry conditions.
The suborbital test flights on SSfere sponsored by the NASA Flight Opportunities Program (FOP) and were
conducted in December 2018 and February 20b8. MFESTpackageoperated continuously from activation early
in the morning on the dayf flight through postanding, with power provided vidhe SpaceShipTwo internal power
systemand successfuata acquisitiowia the circa 1990s MFEST avionics system at@r instruments mounted to
the payload rack interface plate (e.g., accelerometers).

Il. Payload Description

An abbreviated description of the MFEST is presented in this section. Additional details of the original experiment,
previously named the Immobilized Mabe Microgravity Water Processing System (IMMWPS) which included an
active biological water processor, can be found pnevious publication (Hurlbert et al., 2002).

A. Operational Concept

The original IMMWPS experiment was designed to utilize a watereggsur that was inoculated with facultative
anaerobes to convert organic contaminants in wastewater to carbon dioxide and biomass. Simulated wastewater would
flow into the system through an influent line and would be kepih elevategressure to saturatbe water with the
gas byproduct of the microbes. After exiting the processor, the treated water would then be returned to near
atmospheric pressuvdgth dissolved gas evolvingndproducing a twephase flow that would then lied into a vortex
separatorto separate the gas and liquid phases of the solution. This specialized separator was designed for operation
in both Earthgravity (Shuttlepad operationsand zeregravity conditions. Theeparatedjaswas vented from the
separatoto the cabin through water trap and odor filtewith liquid re-circulated for further processinghe entire
flow loop and avionics was contained within a double-oedk locker enclosure.

B. Flight Experiment Hardware

The MFESTexperimentwas flown as originally designed for the Space Shuttle, with the exception that a clear
window of Lexan/polycarbonate resin was added to the original structure to allow visualization of the interior of the
vortex separatorThis included the use of the gimal avionic® software.Most of the experiment hardware was
contained in a Processor Box Assembly (PBA), which consists of the Avionics Box and Double Locker Assembly
(DLA). The primary components inside the DLA included the microbial processor (nofatext for the MFEST
flights), the vortex separator, sensors to measure syseametersstainless steel tubing, some soft tubisugd soft
goods (e.g.,@ings). The experiment was designed and certified for flight on the Space Shuttle Middeck.

A diagram of the flow loop schematic is shown in Figure 1. The separator shown on the right of Figure 1 serves
as the water reservoir and gapiid separator. Since the twahase flow rate is small, a separate loop is used to
produce the desired flow conditions fvortex formation in microgravity. This loop includes a gear pump that takes
liquid from the separator liquid outlet and injects it into the separator through a converging nozzle. A pressure
transducer, DPT328, monitors the differential pressure froaratg inlet to liquid outlet. Liquid exiting the separator
can be drawn off by a metering pump which directs the liquid through the microbial processor and then through a
backpressure regulator before returning to the separator through a secondauitifge pressure transducers are
located within the fluid loops as well as temperature transducers located within the locker assembly. An acoustic
gauge, used to monitor the liquid inventory in the separator, is located on the separator body. For théliEES
no biologics were flown and thus there should have been no production of gas in the processor unit.

Figure 2 shows (a) the DLA that includes the avionics box and PBA, (b) the mounting locations for the December
and February flights; and (c) acpire of flight team members with the mounted DLA aboard SpaceShipTwo in
February 2019. The avionics box shown in Figure 2(a) contained the computing and logic functions. This system
utilized 19906s technol ogy wi twvmarelwiittenifdr epdrationcmantgpt abdoad i o n a |
the Space Shuttle; thus, the data acquisition rate was on the order of a sample per minute or 0.017 Hz. The front panel
of the Avionics Box included connectors for main power and ethernet, and switches tofnitiatéo the experiment,
to power on/off each of four internal pumps, and control other features. Operation of the MFEST experiment consisted
of startup by flight team members on the ground hours before flight with termination of operations after 82 land
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Figure 1. MFEST Simplified Flow Loop Schematic

Figure 2. (a) DLA, (b) Mounting Locationsin SS2,and (c) Flight Personnel Aboard SS2

During processing of wastater, gases were to be generated as the microbes metabolized contaminants in the
influent streamBy design, these gases were to be maintained in solution until separated from the liquid phase
downstream by the vortex separatdhe vortex separator wasesignedfor Space Shuttldlight to produce
approximately 1g at the wadind forma cylindrical interface under microgravity conditiom@iwitz and Bes2000,

Ellis et. al.2005 and to produce a stratified parabolic interface under 1g conditions witrakigy vector directed
along the axis of the cylindéGaul et al2010).The DLA was designed to operate in the middeck oSthattlewith

the front panel of the avionics box facing downwaglative to Earth normaBince he 1g ground operation cotidn

would occur prior to launch with thghuttlepointed upward, the separator was mounted to allow for separation under
1g conditions. As shown in Figure 2(c), the DLA is rotated 90 dedressits originalShuttle Middeckmounting
positionwith respecto Earth gravityFigure 2(b)) Thus, the separator is also rotated 90 degreleish is important
when evaluating performance during ~1g portionMIBEST operation.

The separatoiinlet nozzleconverts pressure head elocity and direc the flow tangntially along thanner

cylindrical wall, generating the cemigtal acceleration that produces a radial buoyancy forbe.separatopump
maintains the watdtow necessarto produce 1g at the wall resulting istable vortexinder microgreity condifons
A baffle plate at the base of the separator prevgsmbubbles from being drawn into the liquid stredrhe design
of this unique separator can be scaed forthe MFESTthe unit hadan inner diameter of 4.5 inches and height of
5.25 inchedo produee a rotational flow in microgravity thapinsat approximatelyl20rotationsper minute (RPM).
For microgravity operation, knowledge of the liquid inventory was required to ensure proper separator operation.
Since liquid inventory could vary with the mismatch between the influent and effluent pumps, a control system
utilizing a liquid inventory serm was required. An ultrasonic sensor was selected to measure the liquid thickness
during microgravity operation. The sensing system with the accompanying software algorithm and calilasation
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describedpreviouslyin the publicatiorof Barbu et al(2006) Of importance to the elaation of MFEST test results
is the calculation and logging tifis liquid thickness measurement.

The payload was evaluated against and approved for flight per the requirements specified in the introductory
version of the Virgiltcal acti ¢ Payl oad Userds Guide. This included r
for flight on the Space Shuttle, such aswluation of the stress analyses and testing to ensure compliance with the
loads for SS2 and sufficient marginssaffety. For integration of the MFEST into SS2, a custom backplate/interface
panel was designed by NASA and built by VG to interface with gtaindard payload rack. Figure 2&t)ows the
MFEST installed in SS2 for the February 2019 flight.

Ill. Test Progr am Overview

The MFEST was selected by NASA6s FOP in 2011 for subo
conduct precursor testing of the integrated experiment in a simulated environment, touhtek hardware and
procedures prior tguborbital flight, and to obtain basic flow systems data in preparation for the suborbital testing.
MFEST was successfully tested during multiple thear abol i
January 2016 flight serigsvhich was thedst conducted before closure of the Johnson Space €emterRe duc e d
Gravity Officeand retirement of that specialized aircraft.

Based on the parabolic flight testing the MFEST fluid flow system was shown to operatevevall however
there were some expment issues. An example was the antiquated avionics; due to the age of the hardware and
inability to easily modify/update the software, procedural restrictions were imposed and there would be no
alterations/control changes once activated on the grouiighastlanding. The data rate also prohibited full checkout
of the separator ultrasonic sensor systaming the short microgravity period of the C9 fligh&me other key
findings were that the MFEST was sensitive to orientation/acceleration diregt@m to the cabin test environment
(e.g., pressure fluctuation). It was also recommended that the vehjpdied power be evaluated, as the quality and
continuity of the input power would be critical for the MFEST to operate successfully. These andirmings
resulted in procedural modifications that directly supported the success of the suborbital testing.

Before finally proceeding to suborbital flights, ground testing and checkouts were competadexample,
electricalinterface testing was aducted with a simulate8S2power supply system at the Johnson Space Center. In
addition, the MFEST was shipped early to the VG facility in Mojave, California for mechanical checkouts with the
payload rack and early joint operations (Fig&(a)).

R \ o '7 Fi
Figure 3. (a) MFEST, NASA FOI5, and VG Staff During Checkout Testing,and (b) MFEST, Other Payload
Teams, VG Staff, and Sir Richard Branson Following December 2018 Flight Aboard SpaceShiwo

The first suborbital flight of the MFESpayload on SS2 was completed on December 13, 2018. In addition to this
being the fourth powered flight test for SBRity, it was the first to reach space and the first payload research flight.
The spacecraft flew to above 51 miles (reported altitude Wa8@8 ft.) and was also the first crewed spaceflight
launched from the U.S. since 2011. Fig8(b) shows payload teams and others celebrgiosiflight with Virgin
Galactic FounderSir Richard Branson. Primary objectives for MFEST during this fiightlincluded evaluation of
the active flow system and overall performance of key components (e.g., pumps, separator).
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The second SS2 flight was completed on Februarg@19, and reached a higher altitude of 295,007 ft. This flight
was historic as welldcause it carried the first SS2 passenger in the aft cabin. For MFEST, an additional primary focus
for this flight was the ultrasonic sensor system to measure the liquid level in the vortex separator during microgravity;
as stated previously, this measuegrhis critical to the management and control of the overall liquid inventory, for
the original objective of cleaning water via a4pimcessor. Prior to flight, the sensor was serviced and new couplant
was appliedCouplant is a gel that is placed betwebka sensor and the separator wall to improve transfer of the
acoustic energy. Due to age, the couplant will dry out leaving air gaps leading to reduced acoustic energy transferred
to the separatoresulting in a lower magnitude return signal from theiilepas interfaceln addition, updated
parameters (as opposed to those specified in the original procedures from the 1990s) were programmed into the sensor
based on previous mi cr Dayaraft (Barbuyet at., 2004);ihowgverptheskibd iSchides C
changes to parameters associated with coupéagplication/modificatiorsince part of the test objectives was to
quantify experiment readiness after being in starag#s original configuration for flight on the Shuttle.

IV. Suborbital Flight Testing Results

In addition to the primary objectives stated previously, the flight data was reviewed to determine the health and
performance of key components (e.g., separator pump), evaluate the overall flow system stability, review the
operatioml parameters (e.g., temperature) and assess the separator and liquid level sensor opkisiitciaded
the efficacy of taking an experiment from long term storage and flying without restooationdification for an
alternative space vehiclMFEST measurements in the following sections may be referetcetie flow loop
schematic in Figure.1

Of note is prior to shipment of the MFEST payload to the Armstrielight Research Centar 2017 to prepare
for suborbital flight testing, the pifight testlog stated there were some sensors that were not working, and this data
has been excluded from publication. Also, some measured data attained had significant scatter in the values, and this
was attributed to the separator pump noise, the age of the sansavionics, or other factors; emphasis for the data
evaluation in the following sections is on the overall magnitudes and trends.

A. Flight Environment

Virgin Gal aclhwdisccérred &oft bydhite iKnightwo (WK?2), and then released at altieugrior
to rocket ignition Payloads residg within Spaceshipwo are subject to acceleration loads on the vehicle and the
cabin environmeia conditionsthroughout the mission, from pfégght on the tarmac through pelsinding and
deactivationA detailed description of the environment conditions for the December 2018 and February 2019 flights
can be found in theresentation made at tianerican Society for Gravitational and Space Rese@atference
(Hurlbert et al. 2019)Note: thefollowing subsections show data from the December 2018 flight and are considered
representative of SS2; howevespme significant variations for the February flight are discussed. Also, the
measuremestof acceleration, cabitemperature and pressusere madeusingthe iTouch and Mdular Integrated
Stackable Layers (MsL) platformsbut werenot synchronized to the MFEST clockhe iTouch was a commercial
off-the-shelf product with a custoipp developed by Stratos Perception, while the MISL was developed at NASA.

1. Acceleration Profile

For the MFEST payload, acceleration directly impacts the fluid behavior diggakinterfaces such as those
found inthevortex separatoil he acceleration profil&as measured by the iTouch and MI&ir,the entireDecember
2018mission is shown below in Figuke and consists of triaxial acceleration values from the start of recording prior
to flight while mated to White Knightwo until after landing and returof SS2to the hanger. The mission profile
includes taxi and takeoff whilmated to WK2matedflight as the vehicles travel to the proper test location and
altitude, release of SS2 from WK2 followed by boost and climb;adrzbost and transition to microgravity flight,
transition to reentry configuration (pullout and feathg}junpoweredlide to landingtaxi and parking.

Figure 5 shows the iTouch recording focused specifically on the measured SS2 flight acceleration profile for the
December 2018 flight. During the boost phase, the triaxial accelerations in the vediaziamaxes rise significantly
to over 2g. All three axes experience oscillations in acceleration on the order of ~+0.5g. The microgravity period is
significantly longer than that experienced on parabolic aircraft (~150 vs ~20 seconds) and of highewdhali
respect to acceleration; however, there are acceleration impulses that occur which are most likely due to course or
orientation adjustments by the pilot during the microgravity period. These were more frequent and of greater
magnitude during the Beuary flight due to independent SS2 flight mission goals.
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2. Cabin Temperature Profile

The cabintemperatureshown in Figure Gvaslargelydependent on seanal environmental conditionalthough
heaters were usguteflight forthe Februarynission The cabin temperature slightly decreased duriegritrogravity
period.
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3. Cabin Pressure Profile

Figure 7 shows the SS2ahin pessureas a function of timekEarly on there is a cabin pressurization up to 415.
psia folowed bya reduction to 13.2 psia during WK2 flight. Prior to SS2 release from WK2, SS2 cabin pressure is
switched to an isolated system. Cabin pressure varies around ~13.1+0.1 psia during a portion of WK2 flight, SS2
release and boost, the microgravityipd, and a portion of the return (feathering and glide). Prior to landing, the cabin
pressure returns to ~14.7 pskdthough the fluid loop was sealed from the cabin environment, the-frasisure
regulator used at the exit of thioreactor was referead to cabin pressuand therefore the variancedsaluated
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Figure 7. Mission Cabin Pressure Profilei December 2018

B. Flow System Pressure

To evaluate the flow system, the measured flidolutepressures at various locatiatsoughout the flav loop
were plotted versus time. The various MFEST sensor presa@rehowrin Figure 8. Sensors labeled PT303 and 312
(Figure 1)are located after the recirculation pump, upstream and downstream of the bioreactor respectively, and prio
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tothebackpr essure regul ator (not e: Depéndisgtoathedoperafing histofypfrthe s s ur e
system, e bioreactor sectiomay start above atmospheric pressure and increases with startup of the recirculation
pump.For both flights, thereappears to ba notable decrease in pressure near the end ofidsontimeline that

appears to correlate with SS2 launch through-laesting, and this may be due to fluid reorientation and/or the impact

of cabin pressure fluctuations on theline backpressure regulator. The original Shuttle experiment operations
included venting gas from the separator core to the cabin, but for the suborbital flights the gas outlet valve was closed;

the system should have operated independent of cabimnpessess the regulator was sensitive to changes in ambient
pressure conditions.

The sensors on the separator liquid and gas outlets (PT320 and 407) varied through the flights but did not appear
to correlate directly with SS2 operations. These instrumate on the lowpressure side of the separator which
corresponds to the separator pump suction pressure and separator gas spacegspsstively. While the variations
in measured pressures were small, the trends indicate variation which may Hedirges ingress into the liquid
portions of the system. Separator orientation with respect to gravity, the liquid fill level, and vehicle accelerations
could result in gas being pulled into the liquid outlet of the separator, as well as liquid cariytovlee gas outlet.

Gas bubbles were observed in video data of the separator inlet, and it is reasonable to assume gas was also present in
other portions of the recirculation loop. A likely explanation is the payload was not designed to operate continuous
in a gravityenvironment, butatherwas designed to start-@ambit and handle a large gas volume produced by biologic
activity and liquid/gas reorientation duriipe Space Shuttlaunch. Lastly, the differential pressure across the
bioreactor, (DP1327 - DPT stands for differential presgutransducer) did not achieve a consistent measurement.
The low flow rate, approximately 18 ml/min, and relatively large flow area would result in a very low pressure drop.

40

35 ] e PT303 (psia)
m  PT312 (psia)

3 e N - P —— . P Y _ - -
0y TR eT At R P Rl P07
= o ® [] (] » PT320 (psia)

25
20 4
15 4

I N g T L

i el [ e ol i i y B e

>3 Dec. 2018 Flight
0

35 4

Pressure (psia)

" 0. _ .

301 @ aca . _.F_. .n - P P i

25 1
20

H

10
> Feb. 2019 Flight

0 T T T T T T T T T
0 60 120 180 240 300 360 420 480 540 600

Flight Time (min)

Figure 8. MFEST System Pressure Profile

C. System Temperatures

System temperatures were measured at various locations internal to DLA and are shown in Figure 9. TS639
and 640 are measured inside the avionics box, which is a separate, isolated structure from the pungbtoapd;fl
the strong correlation is most likely due to the proximity of the sensors to each other. TS706 is a wall temperature
sensor within the Processor Box Assembly (PBA) which houses the pumps, flow loops, bioreactor, etc.; while there
is scatter intis and the other measurements, the general magnitude and trend of the data matches that of the avionics
box measurements. The scatter in the other readings poses concern that some instrumentation may be impacted by
noise from a pump(s) and possibly fromEnterference. TS304 is the measurement at the inlet of the
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bioreactor and TS402 is on the separator outlet gas line near the water trap; again, the general magnitude and trend

follow the avionics box measurements.
The February

flight

shows heaters were used )puti or to

does not indicate active heating during the flight itself. Portable heaters were not used in December afielethe veh

left the hangar, so the temperature in the cabin and therefore for MFEST steadily decreased. For both flights, there is
a notable increase in temperature when SS2 is released with rocket burn, and it is possitdeehis equipment

waste heat andabin atmosphere isolation during SS2 fligit wellas othersources. The temperature continues to

rise and then begins to decrease during descent anthpdstg. Of note is the February flight shows the temperature

did not begin decreasing as quicktyiowing the rocket burn.

D. Vortex Separator

A critical component of the MFEST is the vortex separator, and this device serves aslitp@idjasparator
for the bioreactor as well as the system accumulator; several system requirements and desggtispsaéntered
on the separator and performance was evaluated using video imagery as well as select instrumentation (namely the
tachometer reading and differential pressure across the separator pump). Figure 10 shows a comparison of the gear
pump speedral separator differential pressure (DPT328) measurements for the two flights.
The tachometer readings show the pump speed was stable and maintained within an expgctattivas largely
unaffected by the flight profile of SS2. This is expected dueda#sign of the gear pump; however, the separator
pump differential pressure measurements, DPT328, show a wide range of values that indicate the presence of two
phase flow within the recirculation loop. The range of values for DPT328 was larger thanedxaedt more
pronounced with the February 2019 flight. Based on video observation, differences with recorded liquid volume when
the separator pump was off and on, and the differential pressure measurement, there was likely trapped gas in the
separator fluidoop with gas being pulled into the liquid outlet due to sloshing. After takeoff of WK2, gas trapped in
different sections was able to move through shear action to the vortex separator. This behavior was not observed in
the February flight, likely becauskere was a lower initial liquid fill and gas carry under would be more prevalent
continuously introducing gas to the separator recirculation loop. The February data also shows that gas may have been
in the separator fluid loop throughout the flight, &imid condition was observed prior to the flight as well in checkout
ground testing. The predicted cause is believed to be migration of the liquid/vapor content in the MFEST flow loops

and/ or an under fii

conditibhoiofthbesepatamowasynsbe mg

February flight due to schedule and other constraints. Video data, as described in the next section, does indicate that
while the pump was operating throughout the February flight, the overall flow inteefherator under gravity
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conditions was unstable (i.e., observethgasandlquidhfioomg o of

in the separator recirculation loop; the lower effective density of the incoming fluid results in lower momentum
coupling to the fluid in the separator, resulting in poor fluid rotation. However during the microgravity period, the
vortex separator operated as expected with separation occurring.

Figure 10. MFEST Recirculation Pump Speed and Oferential Pressure

Visual data of the separator provides the best insight into the system performance. Selected stills corresponding to
WK2 flight (A,E), boost (B,F), transition to microgravity (C,G), and during microgravity (D,H) are shown in Figure
11 for the December (tojpnages) and February (bottom images) flights. The addition of a camera system to the
original experiment design was a priority to not only verify the separator performance, but also to show the orientation

of the vehicle during ascent and decentviadriant i on of the | iquid/vapor interfac

For December (top row of images), the first image, A, is taken during WK2 flight with a nominal 1g acceleration
directed toward the bottom of the image. The fill level based on similarsnagorded during ascent is within the
expected range with the liquid/vapor interface to above of the stratified condition. Under these conditions, the liquid
level is above the liquid outlet that is located at the radial centerline of the cylindent@itiacie itself is relatively
smooth under the ~1g conditions with some perturbation from the liquid injection that is directed from the lower right
tangentially inward resulting in counterclockwise flow. Under high acceleration conditions of the betehg
stratified condition results with liquid pooling toward the left side of the image (Image B). As the system transitions
into microgravity, C, a number of relatively small bubbles are produced that ultimately coalesce into a cylindrical gas
core. Dumg microgravity, Image D shows the separator with a circular, stable vapor core. A wavy surface is seen
which is produced from the radial acceleration field and the rotational flow.

During the February flight, more sloshing was seen during ~1g fligitikiZ. One can see bubbles riding on the
gasliquid interface (Image E) produced from sloshing and-phase flow at the inlet. The highascent (Image F)
shows a fimirroro image from December due to ®2Mbg DLA
Image G shows the churning liquid/vapor interface during the higbcent and transition to microgravity that is more
chaotic than what was observed in the December flight. This was attributed to a combination of a lower fill and
dominant acceletens produced by SS2 in two axes resulting in gas entering the liquid outlet. This phenomenon
would also explain the spread in the separator differential pressure values (Figure 10). The microgravity period shown
in Image H shows the characteristic wairgalar interface indicating successful formation of the cylindrical gas core.

A review of the December and February videos appears to show lower magnitude surface wave heights which is most
likely due to the differences in the magnitude of acceleratitimeadifferent radial positions. Importantly, transverse
accelerations due to vehicle orientation maneuvers during microgravity were higher during the February flight. These
accelerations resulted in liquid movement toward the gas outlet end with liqaithgrthe gas outlet. A liquid slug
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