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As long distance human space travel becomes meaéistic the need for longerm storage of
cryogenic propellantbecomesa forefront issueHfective cryofluid systemmanagemenbecomesa
necessityto solve this issueDver a 5 day mission, 18ér day of cryogenic fudloil-off is not an issuge
addingonly approximately 6% to the gross {ifff weight (GLOW)Over a 500 day missigrhowever this
quickly becomes unsustainaldieie to increasednassrequiredto offset the boitoff, increasingooth the
GLOW of the vehicle, and cost of a launide fuel/oxidizer comiiation of choice for NASA is1 H
(liquid hydrogenjand LOX (liquid oxygerhe current strategy used on many upper stage vehicles,
Ay Of dzZRAY 3 | YAl SR AdvantmtCiogenic Evblvey Sist)@Q@AGE®)ude the boibff
gasses of the colder crgen(LH) to helpinsulate the warmer cryoge(LOX and reduce thestatic boit
off. Previous researchas shown that a catalyst presanthydrogen vapor coolinghannelscan give a
theoretical 50% increase in cooling capadi&perimental values obtained previously in the Gryo
catalysis kdrogen Experiment Facility (CHEF) in the Hydrogen Properties for Energy Research (HYPER)
lab have approached this limias the values showed3%%increaseThis thesiss an extensiomf
previousresearch in a practical applicatioata was collectetbr a range of catalyst materials and

iv



weight loadings oFe203 and Ruxatalyss2 y | b2 YSEu { O NdsotherméldatitiS
reactor over a 23 Kelvin input temperature heated up to 90 Kelvin output temperaturavenue of
implementation of his research is on a spacecraft: placing the catalyst within thetay#r insulation
(MLI) blankets currently used to reduce radiation heat transfer to the tRekults otatalyzation of

parahydrogen to orthohydrogen gas is presented as weall@ddyzationmodelto represent the

measurementdor future use.
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CHAPTER 1: INTRODUCTION

1.1 Historical Background

500day missions to Maravith a return journeyplace stringent demands on cryogen fluid
storage. Qurrent cryo-fluid management (CFM) systerhave bo#off ratesas low as3% per month
(~.1% per day)Dunbar, 2008) Evena boil-off rate of 1% per month is unacceptable for a 5@@y
mission to Mars and bacBoiloff of cryogenic propellantsas been an issue since the beginning of
human space flighthe TitanCentaur 5 hydrogen tartkad a21%propellantboil-off per dayrate.
(Chato & Doherty, 201Qurrent TitanCentaur tanks are closer to 2% per d@utter, Zeglar, & Lucas,

2005)Themostprestigiousgoal of CFM researcls to realizezeroboil-off (ZBO) technology.

Figurel belowillustrates theimportance of decreasing theoil-off rate of cryogenic
propellants The grapl{Kutter, Zeglar, & Lucas, 20@5ows the relation between thkeoil-off % per day
of cryogenic propellantersus theincrease of GLOW (Gross Liftoff Weidbt)various mission lengths.
Boiloff of more than 3% per day isacceptable fom a GLOW increader evena single day mission
The ncreased weight of useless propellamtrease the cost of a launch exponentialgnd leaves less
available weight to transport equipmeraind personnelto spaceThis is the reason that-space

propellant boitoff is a primary contributor in launch expense.
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The low temperature of the cryogenic fuell(liquid hydrogen), and oxidizer, LOX (liquid
oxygen),js a considerable gradient to drive bofif through heat transferBoitoff hydrogen vapors are
used for thermal sklding of LOX tanksbause LOX is 16 times denser thap(LEmmon, 2016nd
the normal boilirg point NBB of LR is lower than that of LOX (20.4 K versus p(Hydrogen has an
additional potential to store thermal energy due to the endothermic heat of gathohydrogen
conversion. Pararthohydrogen conversn will be discussed in greater detail in the next chagter.
short, this helpsreduce theboil-off of the LOX with only a static GLOWrease of the catalyst and

associated systematic implementation, without a complete redesign of the fuel tanks.



Decreasing ispace boibff is a topic of ongoing researchhe CRYOH (CRYogenic ORbital
Testbed)sa cryogenics testbedreated by ULA (United Launch Alliance) to test long term cryogenic
storage in spacelhis can be sedpelowin Figure2. (Kutter, Gravlee, Wollen, Rhys, & Walts} placed
as an extra payload on Centaur upper stage modules to be aatidter the primary mission is
completed filled from the excess fuel of the Centauersiors of CRYOTere equipped with \CS
(vapor cooled shielding), a versiohIMLI (Integrated MLWith intravenous hydrogen flow® study the
boil-off reductioncharacteristics(Gravlee, Kutter, McLean, & Marquardt, 20Theeffectivenesof a

catalystwithin the CS ighe focus of this thesis.

z

An extension offie VCS concejig theW{ A YLI S 5 S LJddes@ Cerdid® @pr Stége asK |-
a long term storage containém orbitto test a larger scaldong term deep spacduel depot concept.
Based on analysis, the depot would haveod-off rate as low as 0.1 % pday.(Bergin, 2011But een
at aboil-off as low as this, it is still unsustainable for a mission much longer than 45nl2¢4.5, ULA
announced plans to develop ACES (Advanced Cryogenic Evolved Stage) for the Vulcan launch vehicle,
designed from the ground up as a fulepot. (Gruss, 2015)he advantage of fuel depots in space is that
an individual space craft does not need to carnfual from launch, and therefore may be designed

smaller, cheaper, and more efficient.
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Figure2. CRYOTE Main Components

1.2 Piior WorkandExperimerdl Goals

Using a catalyst to convert between parahydrogen and orthohydrogewrlessic field of study
Research inteeffective catalysts starteds early as 1929 byoBhoeffer and Harteck at the dawn of
research into the two allotropic forms of hydroggBonhoeffer & Harteck, 192%here was greatly
renewed interest in the late 1950s and continuing on through the early 1970s during the Space Race
between the United States and Russia, and much of the research conducted in caialpzdiydrogen
takes place in this time perio¢White, 1989During this time period, Hutchinsamompleted a seminal
work on the reaction mechanisms for parahydrogen and orthohydro@daotchinson, 196a@h 1989,
James White produced a literatureview, with nearly 100 pages of sourdes a final report to the Air
Force Systems Command of works done since 19l@$earch into parahydrogen/orthohydrogen

conversion(White, 1989)

Research integrating endothermic catalytic changparihydrogen to orthohydrogen to cool a

sysem is notnew, with research into integration into spacecraft starting as late as 1983 for sensor



cooling.(Nast, 1983)Jn 1991, a NASA (National Aeronautics and Spdoenistratior) SBIR (Small
.dzaAAySaa Lyy2@0FGA2y wSaSINOKO 3I NI yHara@dnersibngnt NRSR
{LIOS . IFaSR | @8RNR3ISY 5S4 Nifdrdisdarthe oindHekd8cksSIGRANI y 2 T
Allresearchthat was found during théiterature searchutilized an isothermal catalytic reactor for

testing. Bliesner was the first to conduct research imbo-isothermal catalgis (Bliesner, 2013)
.fASaySNRaA  hetddperaize@aamge®R 2024 K to 90 Khat significant catalyzation can

be expected, ad that a measurablencrease of coolingowercan beobserved This thesis is an

SEGSyarzy 2F . tASE&ySNRE 62N o

Research for this thesis was carried out under a NASA SBIR grant§Bi2104warded to
Ultramet, an advance materials researotimpany located in Pacoim@alifornia. Ultramet partered
with the HYPER lab for catalytic testing of Nomélankets that were loaded with various types and
weights of catalysts. Theain deliverable ¥ (G KS |1 .t 9w f I 0Q& detigmdeX2y 2F (K

detectable catalyzationccurs as wellas whichcombinationis the most effectivefor the given catalysts

and weight loadingsA secondary delivable was to create aatalyzation model for future samples.



CHAPTER 2: THEORY
2.1 The Allotropic Forms éfydrogen

Hydrogen as we know it is a miure of two different allotropic forms differentiated by the
nuclear spin state of the protons at the center of each hydrogen aidmse twdorms wereanalyzed
by Werner K. Heisenberg, and was noted directly in his Nobel Priz&awvara F 2 NJ 6§ KS ONBI GA2Y
mechanics, the application of which has, inter alia, led to the discovery of the allotropic forms of
K & R N2 [@He Wabe Prize in Physics 1932, 2@@hohydrogen is thallotropicform of hydogen
where the spin states of lhb protons are symmetricwhile parahydrogen is the form where the spin
states areantisymmetric(Atkins & Paula, 20064 visualization of this can be seerFigure3 below.

(Leachman, 2015)

Orthohydrogen Parahydrogen

t.':l'}r_-:..- . L U:.,.,; w:;;_":_‘ i:"'.f.-z_-’..- L'.-"rl.';.. i:—"f._.,..; i?_-;,i’::;;::
(antisym ) = (sym \antisym }sym ) (antisym )= (sym ) sym ) antisym ),
W =13.5 W =0.2.4..

Figure3. The two different allotropic forms of Hydrogen
CNRY | adlidAradaaort YSOKI yA CdifferéntidtelbeBvecd h&twadi KS 461 @

RAFTFSNBYG Tf20NRPLIAO F2NNXAD Aeved lewelspKan@BnmetricF 2 NY (0 K |

1 Hydrogen refers to the molecular form,Heference to a singleydrogen atom will be noted specifically.



(odd levels) Thisis aralogous topositive and negative numbers, whereby two symmetric, or two

antisymmetric wavdunctions will combine to form aymmetricwave function and combination of a

symmetric and antisymmetriwave functionswill result in an antisymmetrisave functon. Because of

GKS YIraa 2F | «K8RURASY ! ¥ G2 X E NSalwhyk 2 SymmefrR beGaks® A
hydrogen is @iomonucleaRA | G2 YA O Y2t SOdzf Sd ¢ KAVaRdaftibhey | G St & S|

determined, however only onean be seleed independently

Because dhohydrogen and parahydrogen adefined by thér nuclear spin statedpr a
a @ YYS i :Nartbohydrogen)i K S must be antisgnmetric, relating to all oddotational energy
levels On the opposite side, for an antisymmeNJ&0 tAl NI K & R NB.d@n8sy he coimfriSed of A

only even, or symmetrigptational energy levels.

From a raw statistical mechanics equation approach, it can be shown that the partition function
of hydrogen is given by equatigh] below, where gis the degeneracy of the nuclear spin state
ground levelgiven by equatiofi2], with m,equal to the spin quantum number of hydrogen,féém the
Pauli Exclusion Principl€he firsterm of [1] relates to even rotational levels gpahydrogen) and the
second term redtes to odd rotational levels (thohydrogen).(Sonntag & Van Wylen, 198&8)more
accurate form using both rotatiohand vibrational energy levels can also be ugkd.Roy, Chapman, &

McCourt, 1990)

& Sl cQpzQ— Sl cQpzQ—



Separatinghe partition functions for parahydrogen and orthohydrogemmd applying the
definition of a partition function, it aabe shown that for a system of hydrogen, ttadio of
orthohydrogen to parahydrogen is given by equati@hbelow. In this equationT is the temperature of
0 KS & @ & (is$he chargcteristic rotational teperatureof hydrogen 85.4R. This equation is
plotted out over a temperature range of 20.4K to 300Ikigure4 below. As the temperature rises, the
values within the summations of the odd and even rotationatlelsecome equalcancelling each other
out. This means that for teperatures around 2dK and above 3:1 ratio oforthohydrogen to

parahydrogerexists in equilibrium, and S B F SNNBR (2 |4 Wy 2NXIf K&RNR3ISy D

02B jrgs CQ P ZQT

Cc| C=

P?B R CQ P 2QT

26, yTodpY A& GKS @I tdzS§ IABSYy F2N) OF t Odzt I=65MRisthe 6 A 1K NR2Y
accepted value for low temperature applications of hydrog&@uonntag & Van Wylen, 1986)
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2.2 Cooling Capdyilncrease

From a purely energy standpoint, the change of ratio to pure parahydrogen &tBireof
Hydrogen, 20.4l€an be easier to understand. At this temperatuoaly the first rotational levels of the
allotropic forms of hydrogen are in use, so j=0@arahydrogen and j=1 for orthohydrogen. Because of
this low temperature, the orthohydrogedoes not have sufficient thermal energy to continue occupying
the 15 rotational energy mode and preferentially adsorbs onto a surface to hindetiostal enegy.
Catalytic conversion from-©P (ortho to para) hydrogen occurs whenever the hydrogen molecule is not
in thermal equililbium with a catalytic surfac&he conversion of ©P hydrogen is an exothermic
reaction as thalifference in the energy levelaust be released according to the conservation of energy.
The energy released by this reactio®25 kJ/kg at the NBP of normal hydrogéf®7 kJ/kg for pure-cp

conversion) almost 15% greate¢han the enthalpy of vaporization of hydrogen at the same conditions,



447 kJ/kgThis can be found fromstatistical mechanic§Le Roy, Chapman, & McCourt, 1998j)s is why
LHis stored in its equilibrium form and not as normal hydrogen, to prevent the energy released from
natural catalyzation from boiling away the liquithe converse of this is also true, in that-a®
cornversionisan endothermic reaction, so wiraw in erergy from its surroundingghanging the

energy of the system without changing the sensible hikatas this principle that waestedby Ron
Bliesnerto show that he cooling power of hydrogeranbe increased with the addition &>0
conversionA thecaetical increase ofipproximately50% cooling efficiency can be seen when looking at
the integralof the isobaricheat capacity oéquilibrium hydrogeras it warms up from 20.4@\BP of
Hydrogen}o 90K (NBP of Oxygen) versus plagahydrogen curven Figure5 below. (Leachman, 2015)
The equilibrium curve of heat capacities is only followed when the orthohydrogen fraction follows the
WO lj dzA £ A 6 NA dzYC Nu-NGi(KA2 2Kye (RBNERBaSHgGer an expefiSentakooling power

increase of 43% using a packetalystbed® ¥ | Ol A & (Bli&sher, 2023 S E u

10
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2.3 Catalyzation

A catalyst is defined ay substance present that increase the rate of a reaction without
modifying the oveall standard Gibbs energy change in the react{pfcNaught & Wilkinson, 199Ti)
the case of orthohydrogen converting to parahydrogen, the change itself is a very energetically
unfavorable process because the bond betweentthe hydrogen atoms must first be broken before
the energy from theotational spinlevels maybe releasedWith no catalyst presepnhatural
catalyzation is a slow process, relying on the nedigrdipole interaction btween orthohydrogen
moleculegMilenko & Sibileva, 1996however if aransition metal, or a rare earth metatatdyst is
introduced this conversiomate increases several orders of magnitude because of the free orbital shell

electrons present in these metaldllisca, Bahloul, & Rami, 1996jas also been shown that the
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addition of afinely tunedmagnetic field can increase the activity of transition metal catalgsensure

favorableelectronenergy levels(lllisca & Paris, 1998)

The actual physical mechanism by which dmesociativecatalyzation occurs follows as such: a
hydrogen molecule consn cantact with a catalysthereby the magnetic moment of the catalyst
weakens the bond between the two hydrogen atgraad theyare broken(Buntkowsky, et al., 2006)
The hydrogen atomadsorb to the catalyst andill then reform with other free hydrogn atans
creating either a parahydrogesr orthohydrogen moleculeThe mechanism for nedissociative
catalyzation is very similar except the bond between the two hydrogen atoms never breaks, instead the
strong magnetic field gradients are able to uncouple thidribgen proton spinglshii, 1986 Essentially
GKS Ke@RNR3ISy WNEBf I ESBondissofidtige catalyfatos iS NorepredomiBant a G | G S @

cryogenidemperatures

The likelihood bforming either allotropic form islependenton the temperatureviaequation
[3]. When this reaction takes place in a gas phase it is considered a firsteadéion howeveris
considered a zer@mrder reactionwhen taking place in a liquid phaseeaning that the reaction

constant, k, is independent ebncentrationof the reactant (Brooks, Wang, & Eyman, 1994)

All catalyzation sites need toe availabldor hydrogen atoms to adsoiin order for a catalyst to
work at maximum efficiencyWhen catalysts are exposed to atmosphere, water starts to adsorb onto
the surface, reducinghe availablecatalyzatiorsites,lowering the activity. This degradation of the
catalyst can be reversdtithe water molecules are removed through a combination of heating the
catalyst while simultaneously flowing a dry inert gas to transport the wakgtyaA catalyst that has this

process done to it is considered an activated cata(§ggsler & Haberstroh, 2011)
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2.4 Space Velocity

Ausefulparameter to measure flow rate in a cific reactor and compareeactors of differing
volumes,isthe reactorspace velocitySpace velocity i@ measure of th&olumetric gas flow per unit
time per bulk volume of catalyst. Ittise reciprocal of the reactor space tinjéwell time of a volura of
hydrogen) ameasurement of the dwell time fa single volume of gas. Space velocityeiinedby
equation[4] below. In this equatioi is the volumetric flow rate of the hydrogegas based on
reactor temperature and pressure, aaa isa characteristic volumeeither the volume of the
reactor, or the volume of the catalyst itse{Hutchinson, Barrick, & Brown, 196/)e pace velocity

parameterdoes notgive any information on a catalysts activity.

OQa £ OQO w—i)
(4]

The volume of the reactor works well for a packed bed catalyst whdheid is forced through
the catalysthowever,it is better to use the volume of the catalyst itself when there is little catalyst
present i the reactor One notabledrawbackof usingspace velocityo characterize catalyst activitgit
is directly related to densityin norisothermal settings where hydrogen density can change by a factor
of 4 from 20K to 90K, a constant space velocity assumption is infalidothermalreactors (almost all
reactors found in hydrogen catalyzatiossearchiterature), the density of the working fluid does not
change, and therefore neidr does the space velocitfHutchinson, Barrick, & Brown, 198dinore
detailed analysis of the space velocity for this experiment can be found Bphee Velocity Analysis

section below.
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2.5 Beta Values

An alternative method of characterizing catalyst activity that isdegendenton density is

there fordesired The| @ wéasdiSveloped for precisely this reas@rooks, Wang, & Eyman, 1994)

i Rdefined by equationi5] below.Herg & is the mass of catalyst present, the Max %
convertible(o->p)term is the change afrthohydrogento parahydrogen at a speddd temperature,
a is the mass flow rate of the hydrogen, and % converted is that actual pes€ent
orthohydrogenconverted. Its units are in the time paratee of the mass flow rate value, usually given
in [s] This unitdoes not have as physical of meanilikg the reactor space velocity, or the reactor space
time.

o 20 dd OE O QI OEPOPILTY: X TP
a ZPp we £ 0QI 6Q0Q

[5]
TheiQ LI NI YSGSNI A& GKS O2 NNdBlidohal Mozifedionsre I Y Ay G SNB 3

required to allow the function to work for neisothermal reactorsBecause of this | have defined a new

LI NJ YS G SNIGoKaiS R 26yA tif O lFefjuation[q]. Whilesfmilak td eqéaBofi5] Y SR A Y
I 0 2 @ $hstdag based osonversion from parahydrogen to orthgdrogen, and the 70% scaling

factor is removedThe 70% factor was removed because 100% of ideal catalyzation is ultimately the

goal.

& 2D OO 0éE &V QI MOV
A b MEELQI 0QQ

T z
(6]
i @ t dzS addiidnabenefit 6fGmbiningthe activity of the catalyst and the flow at

into one single valuelhis makes intuitive sense as the exposure of active catalytic sites to the flow on a
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found in theBetaValue Analysisectionbelow.

2.6 Composition Measurement

Detecting the composition of orthohydrogen éparahydrogen is not a neproblem. Whie
somephysical properties of orthohydrogen and parahydrogenraarlyidentical, the thermal
conductiviiesdiffer above the NBP of hydrogém nearly 30%Ihis is seen iRigure6 below (Vargatftik,
1993) Using the thermal conductivity to determine the composition of a sample of hyfregas used
as far back as 1929 by Bonhoeffer and Hartécik their method required a small sample of gas, around
30 mL at STP, to produce a measurem@dbnhoeffer & Harteck, 192%tewart & Squiredesigned a
thermal conductivity celliriving a constanturrentalong a long thin wire to deteminethermal
conductivity(and by extensiomomposition).The methodrequired up to 10 minutes to come to steady

state before a measurement could be takéBtewart & Squires, 1954)
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Figure6. Thernal Conductivities of Para and Normal Hydrogen

The challenge faced in the previous iteration of experimémSHEMas finding an issitu,
instantaneousmethod of measuring the composition of hydrogdn. 1981, Hans Roder released a
paper on a new transient hotwire thermal conductivity apparatus for fluidfg a Wheatstone bridge
to measure the thermal conductivity, unfortunately this method also required two different length
hotwires to be present withithe hydrogen flow as compensating wires, a difficult task to achieve
within the confines of the CHEF vacuum cham{iReder H. M., 198 Ron Bliesner desiga a new

thermal conductivitycell specifically for use in CHEBliesner, 2013)

Many thermal conductivity cells epplya constant currenthrougha hotwire tomeasure
thermal conductivity The resistant of the wire changes with temperature, resulting in a measureable

voltage deviation. This response is calibrated in order to measure theonductivity This simple
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measuremensystem is difficult to calibrate and requires computationally expensive interpolation of

thermal properties.

Another type ofthermal conductivity celisesa constant temperature hotwirélTemperature is

held canstant by maintaining a specific resistance across the wire using a Wheatstone Bigige7

below (National Instruments, 2018 . f ASAay SNR& K20 6ANB YSI adaNBYSyi

setupwith the platinum coated tungstehotwire in the Rposition and a variable resistor in the R
position Because fand Rare dosen to have the same resistance, the variable reseseentiallysets
what temperature the hotwire will be driving towardgth no load placed upon.itwWhen a gas is flowed
over the hotwire, he difference between Rnd Rcauses a potential voltag¥p, to form across the
bridge This voltagés thenrun through an amplifieanddriven across the hotwirbridge, thereby

increasing thgower output andtemperatureof the hotwire, and equalizing thresistance difference.

Figure7. Wheatstone Bridge

The composition of the hydrogen gas sample can be fatading from the basis of energy
conservation(Lomas, 198@xquation[7] belowrelates the heabutput, Qota, Of the hotwire to the
equation for power where E is the voltage across the hotwire,Ruiglthe resistance of the hotwire. The
total heat output of the hotwire is split into the constituent power transportation avenues of

convection, Qny, conduction, @ng and radiation, Qq, in equation8] below. Because the hotwérhas
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the same orientationsame flow rate for each measurement seriasad is indifferent to the composition

of parahydrogen and orthohydrogethe contribution fromconduction and radiatio are constantand

can be neglected in calculations

. 0O
Y

0 0 0— O—

(8]

Equation[9] belownow relates the total powr output of the hotwire to the definition of the
convective heat transfer of the hotwire itself, where Nsithe Nusselt number based on the diameter
of the hotwire, k is the thermal conductivity of the flowing gas theslength of the hotwire, Tis the
temperature of the hotwire, and,Tis the bulk temperature of the surrounding gas. Because the aspect
ratio of the hotwire radius to théengthis so lage, it can be approximated kan infinite length cylinder,

in which case Nuis giverby equation[10] belowz 1y 2 ¢y | a (Hnhkd MNDa [ | &

0 6oz zaz Y Y
[9]
06 ™ e0i® 8rox0i® zYP
[10]
00 QGH K NYQ "Q" A
(11

TheNusseltnumber is only a function of the Prandtl number, Pr, and Reynolds number, Re,
which are shown as functions of thewrstituent factors in equatiofil1] above Becaus¢he thermal
conductivity value isnly dependent ornthe composition of hydrogerthe Nusselt number becomes a
function of thermal conductivity alone. Plugging equati@hinto equation[9] and rearranging terms

produces equatiofl?] below. This equation relateall terms depedent on thermal conductivityo the
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rest of the remaining terms. Finallyecause the radius of the hotwire, r, the length, and the difference
in temperature is constant acrosl measurements, these can be ignored and equatichcan be

formed, showing that the thermal conductivity of the gas is proportional to the hotwire bridge voltage

squared.
0627Q - “O" -
1z%zoz Y Y
(12
0627 0
(13]

It can be shown that the thermal conductivity of hydrogen is approximately linear as the
composition changegRoder H. , 1988ecause of this, as long as a calibration measurement is taken
from pure parahydrogen, and another is taken from a normal hydrogen sample, the composition of any
hydrogen gas can be found using equatiid] below. Calibration data must be taken for each flow rate

because of the assumption of constant flow rate.

W v
X O (6]

(14]
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CHAPTER 3: EXPERIMENTAL SETUP AND PROCEDURE

3.1 Vacuum Chamber

CHERCryacatalysis hydrogen experiment facilityictured in Figure8 below, was originally

used as a plasma experiment vacuum chamber, but was retrofit during the first catalyzation tests to be

used as &ryogenic vacuum chamber.

Figure8. (Left) CHEF Setup. (Right) Cutaway of CHEF Vacuum Chamber

CHERs designed tde a robust and adaptable test chamber for the HYPER lab to use into the
future. A complete redesign and retrofit of the system was requiredauseof the increasedscope and
size of this experimerftom the previous experimenty BliesnerThe base formof the experiment is

shownin Figure9. The vacuumchamber itelf did not need to undergo largaodifications The
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chamberis 0.6 m in diameter and has a volume approximately0.25m?3. Thelid is attached to a
electricmotor to raise and lowefor tests.A large rubberJgasketgoes around the entirgacuum can
edge to ensure there is a good sé&al the chamber.Aninverted GiffordMcMahonCryocoolercreates

the cold potential for cryogenics anddscussednore in the Cryocooler section below.

Figure9. Insde of the CHEF vacuuchamber(beforebuild)

A picture of the final setup in the vacuum chamber can be seé&igirel0 below.

21



FigurelO. Final build within Vacuum Chamber

3.2 VauumSystem

While achieving a vacuum is not necessary for the actual experiment itself, it is a requirement to
have a high vacuum tachie\e the temperature minimum (20.4Khat is the NBRf hydrogen High
vacuum is defined as a pressure that is belod0 torr, andis alsoknownas the free molecular region:
thisis the point wherghe mean free path of the gas moleculeside is longer thathe length of the
test chamber(Ekin, 2006As there is no longer a continuum agpressure gradientsannotexist.In

this rangethe convedive heat transfer into the system is negligible.

CHEF has 3 vacuum pumps used in the syskeefirst is alLeybold D60 Trivac Rotary Vane dual

stage mechanical pump used as a roughing pumghichamber itself. Becausd the large internal
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volumeof the vacuunchamber a large vacuum pump is required to pull vacuum down in a short time
frame. The roughing pumig used to get the chamber down to a level where the turbomolecular pump

can start One downside of such a large pump is that it requires a 28 0Aver source and isud.

The next pump is an Agilent Tufv81M turbomolecular vacuon pump run in series with the
Leybold roughing pumpwWhere the roughing pump relies on pressure geads to move molecules
around, the turbo pump spins &1,000 rpm and relies on preferential momentum tréersrom the
turbo blades to the moleculef®r removalfrom the vacuum chambeithe turbo pump has a base
pressure of 3.8x¥810 torr, however a vacuum level this low was not realized within the CHEF vacuum

chamber during testing.

The roughing pump is connected to the turbo pump through @®&Facuum tube converted to
a KF16 flange to attach into the turbo pump. The turbo pump is dtiet to the CHEF vacuum chamber
through a KR25 fitting onto a vacuum shutoff valve. The vacuum level of the chamber itself can be read
through a VARIAN FRBO0 Inverted Magneton/Pirani Gaugétached into the samd@urboV 8:AG
controller as the turbo pump/hile this gives a good idea of what level of vacuum is inside the
chamber, it can have up to a 30% error so cannot be fully relied upon in edge cases near the free

molecular region

Finally, there is a Leybold D8 Trivac Rotary Vane dual stage meclpanigathat is used to
evacuate the experiment internal lines$ air before the chill down proces$his attaches into the
system through KB5 linesBecauset is only able to pump a fifth dhe volumdric flow rate of the D60

model, it is more suited to vacuuming out experiment lines.
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3.3 Cryocooler

CHEF uses an invert&dffordMcMahon styleSumitomo CF204R10Kcryocooler. Thigs one of
only a few models of cryocookethat can be used in amyrientation and theefor very useful because
the cryocooler must be inverted in order to enter into the vacuum chamibeises a Sumitomo HEE
water-cooledHelium compressor to allow the cold heglift asmuch as 7.1 W of power at 20K from
the second stag, and 16.2 W of power at 80K fraime first stage. The minimum temperature that the
cryocoolercan achieve ig.4K, however because of the large thermal mass and heat load that the
experiment had, a minimum temperature of 16K was the lovadsterved.Thefirst stagecryocooler
head has an aluminum plate attachedth %220 threaded holes to allodor easy mounting of
components.The colder second stage simply has a copper flange attafdrexhsier mounting without

causing harm tehe cold head itselfThese can be seen lfigure9 above.
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3.4 Tubing and Connections

Fume Hood

?P Vacuum Chamber Walls

GH2 Needle Valve
Resevolr

Tank

Tank 1

- Valve

- Pressure Relief Valve
- Pressure Transducer
- Platinum RTD

- Cernox Temperature Sensor

-Hot Wire Composition Sensor

-Flow Controller

- Heat Exchanger

NO® O OB mr)

- Supplementary Cartridge Heater

Figurell CHEF P&ID

Figurell above shows the CHEF P&Iifg and instrumentation diagram). Lines that are red
are normal flow paths for hydrogen during an experimental run. Lines that are blue are for venting
purposes. And lines that are green are supplementary pressure relief lines added in specificadly for th
tank. All parts vthin the box are located within the vacuuahamber.
CKSENB 6SNB G(KNBS & LiSthing2 Tt fo¥R (odgbmmiaea®at SR (AR/A G 11

(Stainless Steglstandardwalledo ®no p ¢ ¢ | 816SSarkdd ®A o/ (58 ad | Cdpperi KA Oy Saao
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The thinwalled 316 SS tubing was originally chof®rall vacuunsystem lines to keep heat
02y RdzOG A2y GKNRdAZAK GKS deaidsSy +d | YAYAYdzod 12680
2T gk Mc sSmalifdr the tiingvalled tubing astiwould start buckling at bends of only 30 degree,
significantly smaller than the 90 degree bends that were required. Because of size constraints, a larger

bending radius was not an option. It was decided to still use thewkited tubing for the finaltsaight

c £ NHzya Ay thdughs o 8mitIhe Beat kcdinduction to the outside.

The standard SS tubing was used in Swagelok fabricated portions\adhem system
Because of the design decision to have three reactors within the system, a campiact solution had
to be found. The HYPER lab lacks the resources to do precision tube bending, or orbital welding for tube
endson site. Instead it was decided twder this part of the fabricatiordirectly fromSwagelok as we
would be using theifittings forthe project, and they offer customized engineering solutions. The final
tubing assembly came as 5 individual tubing sections that were connected directly into the rest of the

system and can be seen Figurel2 below. All tubing sections showin the figureare Swagelok made
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Figurel2. (Left)SolidWorkgonceptual renderingf Swagelok Tubing SectiofiRight) 2 close up views of the reactansl
valves Labels as follows\. Condensefank B. ReactqrC. Solenoid Valy®. Hotwire Composition SensBr Cold Head
Reactors are numbered

Copper tubing was chosen for lines outside of the vacuum chamber. This is because it is cheap
compared to shinless steel, easy to bend, and heahduction through the lines sften desirable
Copper tubingvas also used for the heat exchanger on the outlet of the vacuum chamber to ensure that
all hydrogen going through theassflow meter wouldbe at room temperatureWhen the system was
first fabricateda solution had to be found fdhe fact that the thinwalled SS tubing would not work. It
was decided that copper would be uskxt several lines within the vacuum chamber itsélbwever,
becase of the large thermal conductivity of the copper tubing the copper was only used for the parts
that required bendsand connected into the thin walled SS tubing before connecting to the vacuum

passthrough, to reduce heatransfer.
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