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Chapter 1: Introduction

Knowledge of the amount of propellant contained within a spacectaf propul-
sion system is essential in determining the e ective operating life ohé spacecraft
in orbit. Since the cost of developing and launching a satellite can excehundreds
of millions of dollars, operating the spacecraft for as long as possildecritical for
commercial companies to see returns on their investments and govment agencies
to wisely use taxpayer dollars.

The instrumentation integrated within the propulsion system is typially lim-
ited to measurements of temperature and pressure, which do nditectly measure
the amount of propellant in the tank. This means that alternate metods must be
developed to indirectly gauge propellant. The propellant estimates ade by these
gauging methods, as well as the level of uncertainty in those estitea, become
an important parameter in ascertaining how long the spacecraft nacontinue to
operate, and ultimately how long it can return usable data to its uset NASA's
Magnetospheric Multiscale (MMS) Mission is an example of four spaceft that
will rely on such indirect means to determine the amount of propellarieft in each
propulsion system, and has unique mission requirements that requithese propel-

lant estimates to have the lowest uncertainty possible.



1.1 Scope

The Magnetospheric Multiscale (MMS) Mission seeks to understantie fun-
damental process of how magnetic elds within charged plasmas catt and dis-
connect in a process known as magnetic reconnection. Magneticaenection is
a fundamental process within nature and is a main driver in the sevsr of space
weather generated by the interaction of solar wind and Earth's magtosphere.
Space weather events can impact GPS, communication and weatlsatellites, as
well as terrestrial power grids and distribution systems.

The fundamental mechanisms of magnetic reconnection are notlwender-
stood by scientists. A group of four, identically instrumented spacraft (Figure
1.1 [1] were built at NASA Goddard Space Flight Center to help scientists atly
the phenomenon and determine its fundamental mechanisms. Thkespacecratft,
launched in March 2015, y in a closely spaced (10 km) tetrahedralypamid forma-
tion that allows the instruments to capture both the three dimensioal and temporal
structure of the magnetic reconnection phenomenog][ In the rst general stage of
the mission, the MMS constellation will study magnetic reconnection ithe mag-
netopause region of space which lies between the Earth and the Ssee Figure
1.2) [3]. In the second stage, the constellation will change its orbit to stydmag-
netic reconnection in the magnetotail region of space. These orlosihanges will be
accomplished by using a propulsion system.

Each of the four MMS spacecraft is equipped with a mono-propellaiow-

down propulsion system, a sketch of which is shown in Figufe3(a) and schemat-



Figure 1.1: Photograph of the MMS Observatories in their stackeo-
guration for launch. Each Observatory is identical. (Image from 1))

ically shown in Figure 1.3(b) [4]. A blowdown propulsion system operates by ex-
pelling propellant for a pressurized tank through a thruster valveThe propellant
tank(s) are not re-pressurized during the mission, so the pressun the tank grad-
ually decreases as propellant is expelled through the thrusters. i§hoccurs until
there is either insu cient pressure to force the propellant out of he tank or all pro-
pellant has been expelled. A blowdown propulsion system di ers fromragulated

propulsion system, in which the pressure in the propellant tank is masined by a
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Magnetopause
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@ | J asmashee

Figure 1.2: MMS will study Magnetic Reconnection in the magnetopaas
and magnetotail (red boxes). (Image from3])

high pressure source which is reduced through a pressure regolatdevice.

A mono-propellant propulsion system carries only one type of proijtemnt,
which is anhydrous hydrazine (N2H4). Thrust is produced by decqmosing the
hydrazine into hot N, and H, over a catalyst bed within the thruster. The hot de-
composition products are accelerated out of the nozzle producitigust. A mono-
propellant propulsion system di ers from a bi-propellant system, in Wwich both a
fuel and an oxidizer, such as nitrogen tetroxide (NTO), are useatgenerate thrust.
When the fuel, which is typically monomethylhydrazine (MMH), is mixed wth
NTO, a hypergolic reaction occurs producing hot decomposition pidacts which
are accelerated out of the thruster nozzle producing thrust. Thhypergolic nature
of the reaction means that fuel and oxidizer must be kept in sepaeatanks and
conveyed to the thrusters using completely separate tubing sgshs. These factors

make mono-propellant propulsion systems less complex than bi-pediant systems.



The mono-propellant blowdown propulsion system in MMS enables theur
spacecraft to maintain their formation and orbit to study the magrtic reconnection
phenomenon. Each propulsion system carries approximately 400 &fyhydrazine
propellant and utilizes 12 thrusters. Propellant ow from the four popellant tanks
are controlled via a series of latch valves, and propellant tank press is monitored
by two pressure transducers (see Figure3(b)). Tank temperatures are monitored
by two thermistors, each one located on the top and bottom of thi&nk.

The propellant tanks utilized on MMS are diaphragm tanks. The pressant
gas and propellant are separated by a exible membrane that is madéa polymeric
material. As propellant is expelled from the tank, the diaphragm mowgetoward the
tank outlet. This contrasts with tanks that use a propellant managment device
(PMD). A PMD is a series of metal structures that convey propellanto the tank
outlet using the surface tension properties of the uid. There is n@eparation

between gas and propellant within a PMD tank, so the two are allowedtmix.

1.2 Motivation

Knowledge of propellant load in each of the MMS spacecraft is criticébr
maintaining both the tight formation of the spacecraft constellatio, as well as
performing the orbit changing maneuver mid-way through the missioto study
magnetic reconnection in the magnetotail region.

If any of the spacecraft runs too low on propellant, the ability to mantain

the proper spacing in the formation is degraded, which in turn negaely impacts
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Figure 1.3: Drawing of MMS propulsion system and uid schematic.



the observations of magnetic reconnection. Since the mid-missiorbib change will
consume approximately half of the propellant, accurate knowledgé the propellant
after to the orbit change is essential to determining how much missidime is left
to study the magnetotail region on the opposite side of Earth. Accate estimation
of propellant load towards the End of Life (EOL) is also critical to detrmine how
long the MMS constellation can continue returning usable science datas well as
assuring that the constellation can safely be decommissioned in arde generate
minimal orbital debris or not become a hazard to other spacecraft

Since knowledge of propellant is critical at all stages of the MMS missio
having a means by which to determine propellant loads with low unceitay is
critical to not only the general operation of the MMS spacecraftit also in enabling
MMS to meet its own scienti ¢ objectives. This motivates the need talevelop a
propellant estimator which can determine propellant with low levels ofncertainty.
The use of a thermal capacitance propellant gauging method (TCMjvhich relies
only on the temperature response of the propellant tank to a knawthermal load,
enables low-uncertainty|and thus more accurate|estimates of t he propellant load
in a spacecraft ]. These estimates are independent of other common propellant
gauging methods, such as Book Keeping and Pressure-Volume-pemature, that

rely on temperature and/or pressure.



1.3 Thesis Objective

The primary objective of this thesis is to develop a thermal model ¢tfie MMS
propellant tank and validate it with thermal vacuum data such that it may be later
used to make predictions of propellant load in the MMS spacecraft.hE validated
model is the key component of the propellant load estimator to be eated and
re ned in TCM Phase Ill (see Chapter5). A broader, secondary objective is to
provide a clear explanation of how to create a thermal capacitanceodel that will
enable the propulsion and spacecraft operator community to undgand how the
thermal capacitance method works and develop TCM tools of theimm.

This thesis also seeks to provide speci cs on how to model and creat TCM
propellant estimator for diaphragm-style propellant tanks like thos used on the
MMS spacecraft. This is important because the literature (Sectioh.5.2 available
on thermal capacitance methods pertains almost exclusively to tesiwith propellant
management devices (PMDs). Since propellant is allowed to freely neoaround
inside of a PMD tank, some level of CFD must be completed to deternanthe
location of the propellant in the tank and the associated heat tramsr to the tank
wall. This makes thermal capacitance models much more complicateal luild and
implement. Diaphragm tanks force propellant to one end of the tankvhere its
location is known, making them easier to model. As of this writing, no lawn
published literature exists on TCM implementations with diaphragm taks.

Finally, this thesis also seeks to uncover the details of implementingeifCM

in order to make it more accessible to the propulsion community. A laegmajority



of the published work on implementing TCM (see Sectioh.5.2) is vague and lacks

details that are necessary to easily develop and implement the metho

1.4 Acceptance Criterion

The primary objective of correlating the MMS tank thermal model vth ther-
mal vacuum test data will be considered met when the output of thihermal model
is within +/- 3 C of the thermal vacuum test data at each corresponding sensor
location. This criterion, or goal, for thermal model correlation withtest data is
considered an industry baseline. The criterion is documented in thep&ecraft
Thermal Control Handbook, Vol. 1, which is the industry standardreference for
thermal design, modeling and testing practice$]. The +/- 3 C criterion has also
been used by thermal analysts in the Thermal Branch at NASA's Gathrd Space
Flight Center.

The criterion is reasonable since it provides a tolerance around aatumea-
sured test temperatures that accounts for a number of unknos that are inherent
to both testing and modeling. The criterion is also well within the ight acceptance
(FA) thermal reliability margin of +/- 5 C, which is typically used by NASA for
acceptance testing of ight hardware T]. Figure 1.4, based on descriptions from7],
illustrates the typical thermal margins applied to NASA and JPL progams, includ-
ing the FA thermal reliability margin.

A model correlated to +/- 3 C assures that any over- or under-predictions by

the model will not pose undue risk to ight hardware. The criterion isnot so tight
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Figure 1.4: Thermal margins for JPL/NASA missions from Gilmore.
The +/- 3 C model validation acceptance criterion ts within the +/-
5 C FA thermal reliability margin shown. (Data from [7])

that the thermal model has to be overly detailed to capture everaspect of the
physical system, but is not too large such that the uncertainty othe model is so

high that it is not useful for predicting temperatures.

1.5 Previous Work

1.5.1 Overview of Spacecraft Propellant Gauging Methods

Propellant gauging on spacecraft has historically been accomplishiagd utiliz-
ing one or a combination of three main methods: Book Keeping (BKMRressure-
Volume-Temperature (PVT) and Thermal Capacitance (TCM). Eab of these meth-
ods has their own advantages, disadvantages and levels of unaetly associated

with estimating the remaining amount of propellant contained in the spcecraft's
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propellant tanks.

The goal of all propellant gauging methods is to estimate the amouwt pro-
pellant remaining within the propellant tanks to the smallest level of ucertainty as
possible. Less uncertainty in the propellant estimation means thapacecraft oper-
ators can potentially continue mission operations longer, increasinige amount of
time scientists can obtain data from their instruments on the spaceaft. Reduced
uncertainty also means that operators have better knowledge ailit the amount of
propellant left to safely decommission the spacecratft.

Decommissioning is accomplished by either placing the spacecraft iaio orbit
that will pose little risk to other spacecraft, or purposely re-enteng the spacecraft
into Earth's or another planet's atmosphere so the spacecraft calemise. In the
latter method, propellant estimates with little uncertainty are critical to ensure that

the safety of both the general population and property is maintaed.

1.5.1.1 Book Keeping Method

The Book Keeping Method (BKM) involves tracking propellant mass bsed
upon the known (from ground test) thruster performance ass@ted with each ma-
neuver performed. Book keeping, like PVT, is one of the simpler mettls to es-
timate propellant load. The method primarily relies upon accurate kneledge of
how a thruster performs and the pressure of the tank. Knowingdw much thrust is

produced and the associated speci ¢ impulse) at a given thruster inlet pressure
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allows for the mass ow rate to be calculated per Eql.1

(1.1)

Combing this relation with the known duration of each burn allows for he
total propellant mass consumed per maneuver to be calculated (Ed..2). This

amount of propellant is tabulated for each maneuver until end of lifé(EOL).

mp, = mty, (1.2)

The thrust and Isp of a given thruster is primarily determined using rad-
els that are correlated to thruster acceptance test data. Thesmodels relate the
thruster inlet pressure to both thrust and speci c impulse. The pessure within the
propulsion system, however, is typically only measured at the proltent tank(s).
This means that a pressure drop model of the propulsion system stle used to
determine the pressure at the thruster inlet. This model is correied with ow
vs. pressure drop data gathered during ground testing of eachajor component
within the system (such as lters, latch valves, venturis, etc.). Ooe the pressure
drop model has been made and correlated, an analytical equatioelating tank
pressure to thruster inlet pressure is found and then used to @emmine the thruster
performance at any given measured tank pressure.

The BKM has a small uncertainty or error in propellant estimates at Bginning
of Life (BOL) due to the fact that fewer completed maneuvers limitgshe build-up
of estimation error. However, as the mission progresses and mananeuvers are

performed, these errors compound, ultimately resulting in EOL ppellant estimates
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that are typically much di erent from actuals. Estimates of BKM error at EOL have
been reported in the literature to be as low as 5%8]|[to as high as 76%4].

These estimates come from comparing the estimated propellant loading
BKM with an estimate of propellant load determined from expelling all othe re-
maining propellant and pressure from the spacecraft propulsionstgm during the

nal phase of spacecraft decommissioning. One method involveslsing thrusters
on a single axis until the tank pressure sensors read 0 psia pressuks the thrusters
are pulsed, the angular rate of the spacecraft is sensed using aoggr other rate-
sensing device. Knowing the lever arm between the spacecraft teerof mass and
where the thruster is mounted, the thruster force can be deteined. Once all pro-
pellant has been expelled, the magnitude of the angular accelerationil go to zero.

The number of pulses to deplete all of the propellant and associatdttuster force

per pulse are tabulated, which in turn allows for the amount expelledrppellant to

be estimated 10].

BKM and PVT estimates tend to bracket the true propellant load, wih BKM
tending to over-estimate the remaining mass and PVT underestimag the mass.
This is shown in Figurel.5 which illustrates the estimated percent of propellant
remaining within NASA's Tropical Rainfall Measurement Mission (TRMM) propel-
lant tanks versus the maneuver number relative to the start of bledown operation
after the transition from regulated pressure operationlfl].

The wide range of BKM estimation errors can be partially explained byhie
degradation of component performance over time, particularly krs, thrusters and

pressure transducers. Filter performance typically changes owene as it entrains
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Figure 1.5: Book Keeping (blue line) and PVT (orange line) estimates
for NASA's TRMM spacecraft. Book keeping tends to estimate large
amounts of remaining propellant than predictions made by PVT. The
maneuver number is relative to the start of blowdown operation ofne
propulsion system. (Image adapted fromilfl])

more particulate, increasing the pressure drop. This reduces tlster inlet pressure
and therefore thruster performance. Such e ects can also ifidate the pressure
drop models developed prior to the launch of the spacecratft.

As an example, the pressure drop model developed prior to the niiss typ-
ically does account for increases in lter pressure drop based upworst-case par-
ticulate loads within the Iter. However, the actual amount of particulate buildup
within the Iter (or any other part of the propellant feed system), and the e ect that
buildup has on component performance, is not precisely known oube life of the
mission. This means that the correlation between tank pressure @thruster inlet
pressure predicted on the ground by the pressure drop model wikviate from the

actual relation between tank and thruster inlet pressure on thectual propulsion
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system after years of operation.

Pressure transducers|particularly those exposed to large amaus of radia-
tion as typically found in geostationary orbits|can experience signi cant drift and
bit errors due to degraded electrical components. These facdoand others act in
combination over the life of a mission to change the thruster perfimance in ways
that are not always captured in the underlying models that the BKM elies upon.

More sophisticated book keeping techniques have been developgdmcecraft
operators to reduce errors in the EOL propellant estimates. Onec¢hnique employs
a Thrust Scale Factor (TSF) [L2. Applied before and after each maneuver, the
TSF acts as a learning variable that tries to better estimate the aal thruster
performance post-maneuver based upon pre- and post- maneuvariables that are
measured independently of pressure and modeled thruster penfiance. The TSF
corrects for di erences in thruster performance from maneuvéo maneuver based
upon the predicted and actual nal semi-major axis of the spaceaft orbit. This
method was employed on TRMM, with uncertainty estimates that wex marginally
lower than those from other book keeping predictiond ]. However, the estimates

still had large uncertainties in remaining propellant 11].

1.5.1.2 Pressure-Volume-Temperature

The Pressure-Volume-Temperature (PVT) method involves estintiag propel-
lant mass by calculating the volume of propellant|and therefore mas|remaining

in the tank based upon the measured tank temperature and press. Like BKM,
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the PVT method is accurate at BOL and is simple to implement because @oes
not require overly complicated models. The PVT method relies upon kwledge of
ve key parameters: the mass of propellant initially loaded, the volum and expan-
sion|or \stretching”|of the propellant tank(s), the tank press ure, and the tank
temperature.

The mass of propellant remaining within the tank is determined from nze
suring tank temperature and pressure using temperature semnsanstalled on and
pressure transducers plumbed inline with the tank. The mass of grellant is found
from calculating the volume of propellant within the tank. The propellat volume
remaining in the tank is determined from Eq. 1.3 where Vs is the volume of the
propellant tank and Vg is the volume of the pressurant gas. The volume of the
tank is a function of pressure and temperature since the physic@nk expands or

contracts (i.e. \stretching") as temperature or pressure chages within the tank.
Vprop =V (P;T) Vg(P; T) (1.3)

The volume of the gas (or ullage volume) is determined using an ideal real
equation of state (Eqg.1.4) and is also a function of pressure and temperature. The
leak rate, nieak, is typically taken as the worst-case leakage rate of the propulsion

system over the life of the mission.
PVg= Nt Neax RT (1.4)
Multiplying by the propellant density approximated at the temperature of the
propellant tank gives the remaining propellant mass (Eql.5).
Mp = p(T)Vorop (1.5)
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Unlike the BKM, where errors compound from maneuver to maneunethe
PVT method provides propellant estimates that are independent gfrevious ma-
neuvers and typically produces lower estimates of remaining propeitaas shown
in Figure 1.5[11].

The PVT method produces propellant estimates with lower uncertatp at
BOL because the propellant tank exhibits a larger change in pressuas the propel-
lant is expelled. At EOL, the change in propellant tank pressure is sthaompared
to the amount of propellant expelled. This leads to greater unceritaties in propel-
lant estimates. Estimate uncertainties are further compoundedybdegradation of
the pressure transducer electronics caused by radiation accuated over the life of
the mission.

Contributors to the overall error in PVT are from uncertainties in popellant
tank volume and stretch, temperature and pressure measureme from the pressure
transducer. The e ect of the uncertainty in each of these paraaters on the calcu-
lation of the amount of propellant volume remaining in the tank was stdied using
statistical and Monte Carlo methods by Lal and Raghunandanly. The authors
ultimately found that uncertainty in tank pressure measurementsvere the single
largest cause of errors in propellant estimates made by the PVT nietd.

The statistical analysis conducted by Lal and Raghunandan was $&d on from
propellant estimation methods developed by Chobotov and PurohitLf], in which
remaining propellant was estimated by re-pressurizing propellant ks using high
pressure storage tanks. As the low pressure propellant tanksrevee-pressurized, the
tanks physically deformed a small amount, changing their volumes. t Ahe same
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time, the high pressure tanks also deformed, contracting slightlysathe pressure

within them decreased. Chobotov and Purohit developed an equatidEq. 1.6) to

estimate the propellant volume ¥, ) based upon these physical changes within the

tanks, as well as the pressures and temperatures of the propetland pressurant

tanks before and after the re-pressurization.

VL = Vr+(Py)s Vp+(Pp)f T

dP, dP,
Where:

V,: Estimated mean propellant volume present

Vr: Propellant tank volume

Vp: Pressurant tank volume

T,: Propellant tank temperature

Tp: Pressurant tank temperature

(Py)s: Propellant tank pressure after re-pressurization
(Pp)s : Pressurant tank pressure after re-pressurization

%‘j: Pressurant tank stretch coe cient

dvr

ap . Propellant tank stretch coe cient

# " #

T P

Pp: Pressurant tank pressure decrease due to re-pressurization

Py: Propellant tank pressure increase due to re-pressurization

(1.6)

It is noted by Lal and Raghunandan that Eq. 1.6 does not account for gas

solubility or compressibility, and assumes adiabatic conditions, but isugient to

study the e ects of uncertainty in temperature, volume and presure e ects on the
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estimated propellant volume 13].

Lal and Raghunandan used a Monte-Carlo simulation to simultaneodysvary
the parameters of pressure, volume, temperature and stretébr both the pressur-
ant and propellant tanks modeled by Chobotov and Purohit to studyhow each
a ected the estimated propellant volume,V,.. The sensitivity, de ned as the ra-
tio of uncertainty in V_ to the corresponding parameter studied, was measured for
each parameter 13]. This sensitivity study showed that the estimated propellant
volume, V_, was most sensitive to uncertainties in tank pressure measurerteeand
relatively insensitive to uncertainties in temperature, volume and tak stretch (see

Table 1.1 [13)).

Table 1.1: Sensitivity factor of the estimated propellant tank volumev, to un-
certainties in di erent parameters. The estimated propellant volure is the most
sensitive to uncertainties in pressure sensor readings comparedat! other param-
eters. (Data from [L3))

Parameter Sensitivity
Propellant tank pressure sensor 125
Pressurant tank pressure sensor 20.2
Propellant tank volume 1.84
Pressurant tank volume 0.852

Pressurant tank temperature sensof  0.854

Propellant tank temperature sensor 0.854
Pressurant tank stretch 0.0330
Propellant tank stretch 0.0120

The reason for the insensitivity to temperature was due to the fachat mea-

sured temperatures of tanksTp ) are typically far from zero (typical propellant tanks
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are kept at 293-300 K), which means that the%) term in Eq. 1.6 will remain near

dvp

unity. The insensitivity to tank stretch (;’%ﬁ) and ( RN

) is due to the fact that the
tank is designed to withstand high pressures and not yield or plastita deform.
Therefore, these derivatives will not tend toward large values, diremain at nearly
constant values close to zero. Both uncertainties in temperatui@nd tank stretch
cause the two terms in the left-hand-side of Eql.6 to vary only slightly as these
guantities change, ultimately having limited impact on the estimated prpellant
volume.

The high sensitivity to uncertainties in pressure readings was invégated fur-
ther by Lal and Raghunandan by using another Monte-Carlo simul&n to inves-
tigate the change in estimated propellant volume with increasing undainty in
pressure readings. The result of this analysis is presented in Figuré [13], which
shows the estimated propellant volume\{ ) compared to the calculated propellant
volume (V_ o), which was based upon measurements of all parameters. It cam $een
from Figure 1.6 that an uncertainty of as little as 0.6% in the pressure transducer
reading can impact the propellant volume \_ ) estimation as much as 10%.

This high error in V_ relative to Vo for such a small uncertainty in tank
pressure measurement was explained by Lal and Raghunandan gspmimarily sta-
tistical reasoning. The parameter of propellant tank pressure inease due to re-
pressurization ( Py) and the pressure of the tank before and after the re-press&ation
(P, and P, , respectively) are both normally distributed about their mean valug.
This means that as the uncertainty in the pressure measurementcieases, the sec-

ond term in Eq. 1.6increases faster than the rstterm. This results in the estimated
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Figure 1.6: Variation of estimated propellant volume ¥, ) with uncer-

tainty in tank pressure sensor. The estimated propellant volum&,

changes greatly from the measured volumé o with small increases in
pressure transducer uncertainty. (Image adapted fromi§)

propellant volume decreasing away from the measured, or true,lva of propellant
volume (Vo). This behavior is shown in Figurel.6.

The higher variations in estimated propellant volume beyond an undainty of
0.6% (Figurel.6, shown by error bars) were also explained by Lal and Raghunandan
who looked at the behavior of P, in the second term of Eq.1.6. Since the mean
value of Py is small (on the order of 1 psia), and because the term appears in
the denominator, the probability of the term falling close to zero in@ases as the
uncertainty in the tank pressure sensor measurement increaséisus causing the
higher variations in estimated propellant volume 13].

The statistical explanations for increasing error due to decreagjrpredictions

of propellant volume as uncertainties in pressure readings agree lwihe behav-
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ior of the pressure transducers over the life of a typical mission. sAhe pressure
transducers age, the uncertainty in readings grows due to dededion of electrical
components within the transducer. This degradation is typically caaed by increas-
ing doses of radiation exposure throughout the life of the mission.h& propellant
estimations from the PVT method gradually diverge from those madsith the BKM
over the course of the mission as the uncertainty in the pressuresasurements in-
crease as the pressure transducer ages and the electronicoimecmore degraded.
The divergent estimates between BKM and PVT methods can be seénin Figure

1.5

1.5.1.3 Thermal Capacitance Methods

The Thermal Capacitance Method involves estimating propellant loably mea-
suring the thermal response of the propellant tank to a known heaput over time,
Qi (1). A simple, lumped capacitance model of the system is given by Ed..7,
where m is the tank mass,c is its heat capacity, T is the temperature,t is time
and Qyuss(T) are losses to the environment. This model, however, is unrealistiga
simple. A useful predictive model needs to account for spatially waing material
properties of the tank and surrounding structure, conduction &éween thermal in-

terfaces, and the speci c geometry of the components within theystem.

dT

Qin ()  Qioss(T) = mca (1.7)

Once this sophisticated thermal model of the propellant tank(s)ral surround-

ing structure has been created, propellant estimations are madg bomparing tem-
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perature vs. time curves for di erent propellant masses geneed by the thermal
model with ight data recorded from spacecraft telemetry whenhe tank's heaters
are turned on for a period of time. The result of this process is shoun Figure 1.7,
which depicts an illustrative example of how TCM would be applied to a hygthet-
ical spacecraft. As seen in the gure, di erent propellant loads & simulated in the
thermal model to produce di erent temperature vs. time curvegsolid lines). Those
curves are then plotted with ight data (symbols) recorded from he spacecraft tank
temperature sensors during heating of the ight tank. The time ais is relative to

the point when the tank heaters are turned on.

Example of Propellant Estimates Using TCM
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Figure 1.7: Simulated TCM results (solid lines) for di erent propellant
masses are compared to ight telemetry values (symbols) to obtaia
propellant estimate.

The simulated temperature curves are then compared with tempegture data

taken from the spacecraft once the tank heaters have been med on for a period
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of time to determine the propellant load in the tank. These steps havbeen gen-
eralized p], and can be applied to any spacecraft that has an active heaterntml
system.

Unlike the BKM and PVT methods described previously, the thermal &paci-
tance method is complicated to implement since it requires a complexettmal model
to make the propellant estimates. It also has greater uncertaingan propellant esti-
mates at BOL. The advantage of TCM, however, is that uncertainés in propellant
estimates decrease throughout the life of the spacecraft, reagg a minimum at
EOL [5]. This reduction in uncertainty directly ties to the physics explained inEg.
1.7

At BOL, the large mass of propellant in the tank causes a smaller chga in
temperature when the tank heaters are turned on. The oppositect occurs at
EOL, where the tank temperature changes are larger because reager volume of
the tank is occupied by the less massive pressurant gas insteadhe more massive
propellant. More pronounced temperature changes in the tank ¢hefore decrease
the uncertainty in propellant estimates made using TCM. Because tfis, estimates
made by the TCM are typically much better than those made with BKM.Yendler,
et al reported errors in propellant estimates made on the GEOSTAR missions to
be as low as 1% to as high as 11%, as compared to those taken usireg BIKM,

which had errors that ranged between 95% to over 300%].
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1.5.2 Applications of the Thermal Capacitance Method

The thermal capacitance method has been successfully implemehte& a num-
ber of spacecraft over the past decade-and-a-half, althougéwf detailed discussions
have been published in the open literature. Most of the publicly availdé reports
on TCM have been written or co-authored by Boris Yendler, CEO of $PM, LLC,
a company that specializes in TCM propellant gaugindlp]. As described in papers
published through AIAA, Yendler has applied TCM to a number of spaecraft and
platforms, a sampling of publicly disclosed applications of which is listed ifable

1.2

Table 1.2: Applications of TCM to Flight Missions: 2007-2014

Spacecraft/System Year Ref.
SkyPerfect (JSAT) / Boeing BSS 601 Bug 2007 [16], [17]

Telstar 11 2008 [5]

Turksat 1C / SpaceBus 2000 2008 [18

Arabsat 2B / SpaceBus 3000A 2012 [19
GEOStar 1A & 1B 2013, 2014 [9], [20

Yendler's published work outlines the general process of implemengirthe
TCM method and the results obtained from the di erent spacecrafon which it
was implemented. This work documents application of TCM almost exdively to
spacecraft that use propellant tanks with propellant managemertevices (PMDs),
rather than diaphragms or bellows. The published material also prmes general

descriptions of the di erent software tools used to implement thehitermal and nite
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element modeling of the propellant tank and spacecratft.
The general process as documented by Yendler to perform a TCMopellant
estimation for any spacecraft has largely stayed the same since arly 2000s. That

process is as follows], [20:

1. Develop thermal models of the propellant tank(s) and surroumay satellite

structure

2. Conduct ight tests on the spacecraft by raising the tank temprature and

allowing it to cool, monitoring the temperature pro les

3. Calibrate the thermal models using the ight temperature data

4. Simulate the heating of the tank(s) in the thermal model

5. Estimate the propellant load based upon the comparison of simuéat and

ight data

6. Evaluate the accuracy and uncertainty of the propellant estintas

While the fundamental physics and general process for implemergithe TCM
have remained the same, Yendler's team and co-authors have beeming the dif-
ferent software tools used to implement TCM. In the mid-2000's, t& nite element
models were made with a combination of di erent programs, focusingrimarily on
the propellant tank. The uid interaction with the tank and the PMD s urfaces were
modeled using Surface EvolveRll], a software tool that models the shape of a uid

based upon the forces and constraints that act upon it. The tanktructure and
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PMD were meshed using GridPro, a CFD mesh generation todlq], [17]. Other
software tools were developed in-house by Yendler to help addressshing problems
presented by complicated tank and PMD geometries, but speci csnovhat these
tools are and how they work have not been publishedd], [17].

By the 2010's, the tank and spacecraft thermal models developby Yendler's
team were made using Thermal Desktop by C&R Technologie??]. Thermal Desk-
top creates a thermal model by allowing users to import a CAD repsentation of a
device or structure. The software can model contact conductee, heat loads, and
e ects of insulation on that imported CAD model. Yendler's group cotinued to use
Surface Evolver to model the liquid distribution within the PMD tank [20]. Other
tools were developed including software to Iter spikes in ight telemiey, remove
diurnal variations of temperatures, interpret Surface Evolveresults, and optimize
curve tting for simulated and ight temperature vs. time curves [20].

Yendler's team has also worked to advance the state of the art oiCM by
developing a \Rapid Propellant Gauging” (RPG) technique, which proies a quick
estimate of propellant load with little knowledge of the thermal con gration of
the tank. The RPG accomplishes the estimation by exposing the tarto an \ef-
fective" thermal environment that mimics the \true" thermal environment around
the tank [23]. Propellant estimation errors of the RPG method as applied to Or-
bital Sciences Corporation GEOStar 1A and 1B have been shown tange from as
little as 6% to as much as 54%9]. Further details about how the RPG method is
implemented are not available in the published literature.

Despite the large volume of published work describing Yendler's impleme
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tation of TCM, the discussions are highly generalized, and critical thls on how
to practically implement the TCM process on a spacecraft are omitte Examples
include how to create the FE models of the tank and spacecraft, agll as how
to correlate and interpret the output of the thermal system modl. The specic
steps and process of implementing the TCM methodology are also raescribed.
This leaves the reader to determine those details on their own or tomract those
services out of house. Therefore, an important goal of this pemt is to uncover
the details of implementing the TCM in order to make it more accessibleotthe

propulsion community.

1.6 Overall Approach to TCM Model Development

A three-phase approach is taken to develop a propellant estimatéor the
MMS spacecraft based on the TCM method. Each Phase has its owet ®f tasks
and objectives that provide the foundation for the next Phase. ¥ will see below
that this thesis ts into Phase II.

Each Phase of the TCM development project corresponds to s&gyin the
development of the MMS spacecraft as illustrated in Figurd.8 Phase | of the
TCM development was completed when the MMS spacecraft were bgidesigned
and built. Phase Il was undertaken when the MMS spacecraft wergishing envi-
ronmental testing until the post-launch and commissioning stagé>hase |ll of TCM
development will occur at the end of the MMS primary mission life and atinue

through the EOL and decommissioning stages.
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TCM Development Phase MMS Development Stage

Approx. Year
2006 ———
Design Stage
2010 ——p—
Phase | ‘ Procurement Stage ‘
= Creation of Intial Thermal Model
> Validation with other models 2011 ——— ‘ System Integration Stage |
Testing Stage:
Vibration, Acoustic, Thermal Vacuum
1* Qtr 2015 —— “Launch
Phase Il

—> Refinement of thermal model

> Validation with TVAC test data \/Commissioniné

2" Qtr 2015——

Mission Stage

Phase Il
> Estimation of propellant load using correlated model
-> Application to mid-mission orbit change maneuver
—EOL propellant estimation

2018+ —— (/IKEOL/Decommissionin@

Figure 1.8: The development phases of the TCM propellant estimator
roughly coincide with the development stages of the MMS Mission.

1.6.1 TCM Phase |

Phase | focused on developing a thermal capacitance model of M#S pro-
pellant tank in ANSYS 13.0 pR4] that was validated via comparison with other
thermal models because the spacecraft was still being built and theal vacuum
testing had yet to occur. Boundary and initial conditions were assiggd based upon
predictions made by the MMS Thermal Subsystem's preliminary therad model of
the spacecraft. Results from the ANSYS 13.0 model were validatégt comparing

output with the Thermal Subsystem model, as well as through hanahd spreadsheet
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calculations. Chapter3 provides details of the Phase | development e ort.

1.6.2 TCM Phase Il

Phase Il is the focus of this thesis and is described in detail in Chapté. The
objective of Phase Il is to re ne the Phase | thermal model and ceelate it with
thermal vacuum test data. This Phase began when MMS had nishezhvironmental
testing, and continued through the Launch and Commissioning phas of MMS.
Boundary and initial conditions were matched to those during the trmal vacuum
test, and the model was re ned such that its output matched théemperature data

measured during the test.

1.6.3 TCM Phase Il

Phase Ill is the nal phase of the MMS TCM development, and its na
outcome is a propellant load estimator that has been correlated withermal vacuum
test data and calibrated with ight data. Phase Il builds on the thermal model
that was developed in Phase Il and is the subject of this thesis.

Phase II1 will encompass three main parts: calibrating the thermahodel with
ight data, estimating propellant after the mid-mission orbit change and estimating
propellant at the beginning of the EOL/Decommissioning phase. Thesgmator will
be calibrated using temperature data recorded from the heating the fully loaded
propellant tanks taken during the commissioning stage of the MMS nsi®n. The

estimator will then be used to estimate propellant after the mid-missn burn, which
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changes the orbit of the MMS spacecraft from one that allows olysations of the
magnetopause, to one that enables observation of the magnetibf{see Figurel.?2).
The next estimation will occur at the beginning of the EOL/Decommigsn
phase (see Figurd.8). Propellant estimates at this stage of the MMS mission will
be critical to help determine how much propellant is left, which directlympacts
how long the propulsion system can maintain MMS constellation and atbenabling
useful science data to be gathered. Phase Il of the projecthget to be started,

and will be the subject of future work.

1.7 Structure of the Thesis

The structure of the reamining chapters of this thesis are as follswChapter
2 describes the theory and application of the TCM. ChapteB summarizes the work
completed in development of the initial thermal model created as paof Phase 1.
Chapter 4 covers in extensive detail the development of a thermal model ariig
subsequent correlation with thermal vacuum test data as part d?hase Il. Chapter
4 is the heart of this thesis. Chapter5 summarizes the future use of the propellant
estimator that makes up Phase Il of the project. Finally, Chapte 6 states the
conclusions made from the model creation and correlation of Pha$eand presents

areas of future work.
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Chapter 2: TCM: Theory and Application

2.1 Thermal Capacitance Gauging Concept & Theory

The concept of estimating propellant load using thermal capacitaranethods
is based on the ability of matter, be it a uid or a solid, to store therma energy.
Thermal energy storage is modeled via Eq2.1. This equation relates the rate of
temperature change over time of a given quantity of mass to the hete of energy
input.

Cm—T: Qin  Qioss (2.1)

Where:
Q: Rate of energy input or loss
c. Speci ¢ heat
m: Mass
%: Time rate of change of temperature
Equation 2.1 shows that if the rate of energy input and speci ¢ heat of a given
material were constant, the amount of time it would take to changéhe temperature
of a xed amount of matter would change as a function of the masd the matter.

This can be seen in Figur@.1, which shows the temperature vs. time curves for a
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uniform block of material of di erent prescribed masses. As the nsa of the block

increases, the amount of time required to reach equilibrium also inases for a given

heat load.

40
38
36
34
32
30
28
26
24
22
20

Temperature {degC)

Temperature vs. Time of Uniform Block

of Different Mass

1.00 2.00 3.00 4.00

Time (hr)

——Mass = 200 kg
Mass = 2000 kg
Mass = 4000 kg

Figure 2.1: Temperature vs. time behavior for a block of di erent mss.
The temperature rise in time decreases as the mass increases.

This concept is used to estimate the amount of propellant remaining entank.

On orbit, the propellant tank within the spacecraft is heated by tuning on the tank

heaters. The temperature vs. time information from the tank's teperature sensors

is recording during this heating. This curve is then compared to tengpature vs.

time curves that were produced using a thermal model of the tankith di erent

propellant loads.

Heat input into the tank is provided by the tank heaters. The heat lsses from

the tank system are conductive and radiative. These are modeleg the Fourier
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and Stefan-Boltzmann laws, respectively. Thus,

Q-in = Qheaters (2.2)

Q—Ioss = Qcond + Qrad (2-3)
dT

Qcond = kA& (2.4)

Qrada = F A Ti4 Tj4 (2.5)

In these expressionsk is the radiation view factor. For radiation betweeni

and | surfacesF is de ned as:

F= o — (2.6)

iAj AiFj i Aj

2.2 Implementation

Previous implementations of the TCM on a spacecraft have been acgplished
by following the general process documented by Yendler (see Ctaapl, Section

1.5.2. That process is repeated here for convenience:

1. Develop thermal models of the propellant tank(s) and surroumay satellite

structure

2. Conduct ight tests on the spacecraft by raising the tank temprature and

allowing it to cool, monitoring the temperature pro les
3. Calibrate the thermal models using the ight temperature data

4. Simulate the heating of the tank(s) in the thermal model
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5. Estimate the propellant load based upon the comparison of simuéat and

ight data

6. Evaluate the accuracy and uncertainty of the propellant estintas

For the project described herein, the above general process w#l modi ed to
include the validation of the model (Phase Il of this project, see Gipter 4) using
thermal vacuum test data (see Sectiod.1) prior to conducting ight tests on the
spacecraft. This step is unique since the MMS spacecraft's usable g short|two
to three years|meaning that data taken during thermal vacuum testing will still
accurately represent the spacecraft on orbit. This is becausestbptical properties of
the materials in the spacecraft will not have degraded as much asoge on spacecraft
operating for decades due to the space environment, so the h&ansfer within the
spacecraft will still match what was tested on the ground. This will Bow for a tank
thermal model correlated with thermal vacuum data to more acceately model the
real tank system on the operating spacecraft, leading to poteatly more accurate
propellant estimations.

Yendler's process will further be modi ed in Phase Il (see Chaptes), since
calibration of the thermal models using ight data will take place at three di erent
points: at the beginning of life, middle of life, and end of life. At beginnigp of
life, ight tests were conducted during commissioning of the MMS spacraft im-
mediately after launch, when the propellant mass was known with gaeaccuracy.
The mid-life course correction maneuver will allow for additional ighttests to be

conducted when approximately half of the propellant remains. Follang Step 3
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noted above, calibrations of the thermal model with ight data at his point can
be compared to both book keeping and PVT methods, which will still beelatively
accurate. Finally, the EOL propellant gauging will allow for a nal calibration with
ight data to be completed. All three calibrations of the model with ight data will
allow for trends in propellant estimation throughout the life of the spcecraft to be

established, providing for a higher accuracy EOL propellant estimiain using TCM.
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Chapter 3: Phase I: Initial Thermal Model Development and &

dation

Phase | focused primarily upon developing the initial thermal modebtpredict
the propellant load in the MMS spacecraft propellant tank. Prior to Pase |, no
thermal model had been created for predicting propellant load. Enefore, the tank
thermal model in Phase | was developed from scratch using ANSYS.Q nite
element software.

Another primary goal of Phase | was to determine the process oéwkloping
a TCM, since published literature on the topic of thermal capacitare methods
provided little to no detail about actually making a thermal capacitame model (see
Section1.5.2. Emphasis was placed on developing the tank thermal model.

Understanding the physics of how the model responded to di erepropellant
loads was another major part of the e ort. Since heat transfer inhe space en-
vironment is mostly dominated by radiation and conduction, emphasiwas placed
on how these modes of heat transfer a ected the tank thermal mdel. Convective
heat transfer, which does occur within the propellant and gas paof the tank, was
therefore neglected, since this e ect was of second order natueis compared to the

radiative, conductive, and capacitive mechanisms that dominateché overall heat
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transfer of the tank system.

Validation of the thermal model developed in ANSYS was accomplishdxy
comparing its output with the thermal subsystem's spacecraft #tarmal model created
in Thermal Desktop R2], as well as with basic heat transfer equations. Validation
with test data was not possible during Phase I, since the MMS spacaft thermal
vacuum testing had not yet occurred.

Once the thermal model was created, temperature vs. time c@aw for di erent
propellant loads were simulated. These simulations allowed for a phyaiainder-
standing of how the system would react, as well as serve as a foatioh for Phase I,
where the thermal model would eventually be correlated with therai vacuum test
data. The following sections brie y review the work done on this pregus model.

Details of the e ort can be found in McKim [25], [26].

3.1 Description of Initial Thermal Model

3.1.1 Analytical & Solid Model Description

A transient thermal analysis model of the propellant tank was créed in AN-
SYS 13.0 nite element analysis software. A transient, rather thama steady-state,
analysis was necessary since the heating of the propellant tank isuadtion of time-
varying thermal loads and temperature-varying material propéies. The inclusion
of radiation boundary conditions also makes the problem non-linealthe ANSYS
13.0 software provides tools that simplify solving this problem by allowgthe ana-

lyst to input time-varying loads and properties. The ANSYS solver tan iteratively
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solves the energy equation (see Chapt&y over discrete time steps, which results in
a thermal solution at each time step within the analysis.

A Pro-Engineer solid model of the MMS propellant tank was imported to
the ANSYS 13.0 solver. This tank model was highly detailed and re eetl the
as-designed ight con guration of the MMS propellant tank. The malel included
all ight and non- ight hardware integrated on the tank, such as lolts, washers,
lock-wire, thermostats, 1-wire sensors, etc. The model was siirgd by removing
unnecessary geometry to reduce mesh complexity and save cotapan time. Ex-
amples of items that were removed included redundant temperatiisensors, bolts,
washers, and other small parts that had little e ect on the overallheat transfer.
Where necessary, sensors at locations necessary for analysssilte were left in
place.

Since a license of ANSYS, Inc.'s solid model pre-processor, Designdder,
was not available at the time of Phase I, the solid model of the tank atd only
be simpli ed by suppressing extraneous geometry, instead of rewrag them. This
meant that items such as bolt holes could not be lled, and problematigeometry,
such as slivers, small edges, and other CAD import errors could no¢ removed or

corrected.

3.1.2 Mesh

Meshing was accomplished using the integrated meshing tools within ANS.

Suppression, rather than correction/removal of extraneousnd problematic geom-
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etry as described above resulted in meshing di culties. Extraneousodel detalil,
such as bolt holes, also increased mesh density. This denser mesheased the
number of nodes, signi cantly increasing solve time. Neverthelesssu cient mesh

which reduced thermal errors was generated. The overall reso§ mesh contained

over 356,000 nodes.

3.1.3 Assumptions

Since the purpose of the Phase | model was to get an order of mihgge
understanding of the system, a number of simplifying assumptionere made during
the development of the tank thermal model in Phase |I. The main assiptions used

are listed as follows:

Convection within the pressurant gas and propellant was neglectedThis
assumption was made during Phase | since it was reasoned that cection
would have a negligible impact on the time constant of the system cowed
to the e ect the far more massive propellant would have in the syste. In
other words, the large mass of propellant would drive the systemather than
the e ect of convection within the propellant or pressurant gas. rl order for
the ANSYS model to close, the uid was treated as a solid that condts and

stores heat.

Fluid shapes were speci ed and did not change due to temperaturesets
(no migration). This assumption was made since the diaphragm is e e&ely

non-permeable and will keep the shape of the uids within the tank ctant.

40



Heater power input was constant. This approximated the nominalperation

of the heaters when turned on.

Boundary conditions were based upon the average temperaturfaloe tank/spacecraft
interface location, and assumed constant over time. This was bdsepon the
Thermal Branch's analysis at the time, as well as the fact that thepacecraft
has an active thermal control system to maintain the temperatwr of key parts

of the system.

3.1.4 Material Properties

Each part of the Pro-Engineer solid tank model was assigned its owmnique
material within ANSYS, which in turn was mapped to a database of matial prop-
erties within the ANSYS Workbench interface. The primary materialused in the
model were titanium 6AI-4V, helium, hydrazine, 304L stainless steednd Kapton
polyimide Im.

Material properties were found through industry standard sowes, such as
the Aerospace Structural Metals Handbook and Eckart Schmidt'tHydrazine and
its Derivatives." Material properties not published in these sourcesvere found
using vendor-supplied material data, such as for Kapton polyimidelm made by

Honeywell.
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3.1.5 Boundary Conditions

Boundary conditions of radiation, temperature and heat input we applied to
the model, as shown in Figure.1 [25]. Radiation was applied to all tank surfaces
using the e ective emissivity of the tank blanket, as well as the emissty for other
materials on the tank. Temperature boundary conditions were set the end of each
of the tank's four mounting struts, and at the axial pin located at he middle-bottom

of the tank.

R ) e B

7
Y
t

(a) Heat Input (b) Radiation (c) Temperature

Figure 3.1: Heat input, radiation and temperature boundary condibns
as applied to the Phase | thermal model. (Figure adapted fron29])

Heat input to the tank was modeled based upon the heater circuitstagrated
onto the ight tank. The tank contained two heater circuits, eachin parallel: one
on the gas side and the other on the liquid side. Each circuit is contradieby
an over-temperature thermostat, which provides a safety meghism to ensure the
tank does not overheat if the heaters are powered on too long. &model did not
account for thermostat operation, so both liquid and gas sides dduexceed the
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over-temperature thermostat set point during the simulation. Sice the gas circuit
exceeded the over-temperature thermostat set point early in ¢hsimulated heating
period, only heat from the liquid side heaters were applied to the tankithin the

model. This allowed for the thermostat operation to be partially moded.

3.1.6 Test Cases

Three di erent propellant load test cases were simulated, each ohieh were
representative of EOL propellant load fractions that were predietd for the MMS
spacecraft. The load cases were 10%, 15%, and 20% propellant $oakthe thermal
model for each test case was the same, but the respective volsnoéthe propellant

and gas were updated to re ect the propellant mass simulated.

3.2 Model Validation

The Phase | ANSYS thermal model was validated using analytical meads
and by comparison with other thermal model programs since testath did not
exist. Three means of veri cation were employed: hand calculationspreadsheet
calculations to numerically validate the ANSYS output, and validation vith output

from Thermal Desktop.
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3.2.1 Hand Calculations

Basic 1D heat transfer equations for conduction (Eg3.1) and radiation (Eq.

3.2) were used to spot check the output form the Phase | ANSYS thaal model.

o="Am ™ @)

Q =A Ttgnk Ténvr (3 . 2)

Veri cation calculations focused on the main routes of heat loss due con-
duction and radiation. These routes were conductive losses thgiuthe struts and
radiative losses from the tank wall. Results from hand calculations ing Eq 3.1
and Eqg. 3.2 compared well with the ANSYS output. For conductive losses on the
struts, hand calculations were within 4% of the ANSYS model. For raative losses

from the tank, hand calculations were with 2% of the ANSYS mode2¥|.

3.2.2 Spreadsheet Calculations

Spreadsheet calculations were preformed to numerically verify e ANSYS
model was following the conservation of energy. This veri cation vgaaccomplished
by calculating propellant mass via Eqg.2.1 for each time step of the ANSYS simu-
lation. The %—I derivative used in Eqg. 2.1 was found from the temperature output
from ANSYS at each time step via a 3-point centered di erence eqgtian [25]. Mass
vs. time step were calculated for each test case, and comparedhatite mass value

programmed into the ANSYS model.
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Convergence was achieved if the calculated value of mass equaleel pino-
grammed value. Results from this veri cation showed that the corerged value of
calculated mass was within 1.5% or less of the programmed mass, megrthat
the ANSYS model was following the conservation of energy, and thtdne thermal

capacitance of the propellant was properly being modeled (see TaBl4) [25).

Table 3.1: Percent Di erence in Modeled vs. Calculated Mass. (Datadm [25])

Case Percent Di erence
10% Load 1.16
15% Load 0.40
20% Load 0.10

3.2.3 Thermal Desktop Veri cation

Validation of the ANSYS model was accomplished by comparing tem@ure-
time results for a given propellant load case with temperature resslfrom Thermal
Desktop. The Thermal Desktop model of the MMS propellant tank &as indepen-
dently created by MMS's thermal subsystem team. This model acaonted for not
only the heat transfer of the tank, but of the rest of the MMS speecraft. Compar-
ison of the ANSYS and Thermal Desktop models of the propellant tks showed
good agreement for the 20% load case, with a maximum percent dieggrce in tem-

peratures of less than 5% (see Figu®?2) [25.
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ANSYS and Thermal Desktop Comparison

45

40

i /

30

25 / ——— 20%: ANSYS Model

/ ——— 20%: Thermal Desktop

20

15

Propellant Thermistor Temperature (°C)

10

0 2 4 6 8 10 12 14 16 18 20 22 24
Time (hr)

Figure 3.2: Comparison between ANSYS (blue line) and Thermal Desk-
top (orange line) temperature results for the 20% propellant loadase.
The maximum di erence between the two estimates was found to bé®
between the two models. (Image adapted fron2§])

3.3 Thermal Model Results

The three load cases were simulated in the ANSYS thermal model. Bacase
simulated a 55 hour heating of the tank using the liquid side heaters.igtre 3.3 [26]
shows the results of this simulation. The point at which the over-teperature ther-
mostat would activate is noted. Since the ANSYS model did not accoufor thermo-
statically controlled heaters, simulation results beyond the thernstat temperature

limit do not hold any physical meaning for the real tank system.
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Temperature vs. Time for Propellant Side
Thermistors
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Figure 3.3: Results from the Phase | thermal model for 10, 15, & @0
load cases. Note that after the thermostat set-point is reachetemper-
ature results are not valid since in reality the thermostat would have
been activated, turning o the heaters. This behavior was not moeled
in Phase I. In the gure legend, \20% BCS" corresponds to the 20%ad
case, \15% BCS" corresponds to the 15% load case, etc. (Imagested
from [29))

3.4 Preliminary Error Estimation

The results from the Phase | tank thermal model allowed for a prelimary
estimation of mass estimate uncertainty. Using the temperaturesv time results,
mass Vs. ‘fj—I derivative relations could be found, allowing for a mass percentage

estimation to be derived 5. Equation 3.3 shows the result of this derivation.

081 T 2285 304
m= — SE T (3.3)

As an illustrative example, a 1C error in temperature at a reading of 37C
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after 20 hours of tank heating yields a mass uncertainty of 1.9%. provements in
this error estimation can be made by running more propellant loadingases and
correlating the results with test data obtained either from the speecraft or through
other ground testing.

The methods applied and process used to develop the Phase | tamermal
model formed the basis for correlating the model with thermal vacim test data
in Phase Il. In the following Chapter, extensive details and explanans into the
correlation of the tank thermal model and the correlation methosl used will be
presented. Detailed discussions|particularly of the assumptions sed, con guration
of the tank, and boundary conditions|will be made. Finally, correlated model
results will be presented, along with uncertainty analysis resultsdm varying key

input parameters.
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Chapter 4: Phase Il: ANSYS Model Development & Correlation &

ing Thermal Vacuum Test Data

The following sections describe the details of developing the ANSY Setimal
model and correlation of that model using thermal vacuum test da. This chapter
is divided into ve main sections: Thermal Vacuum Test Overview, Modl Devel-
opment, Final Results, Uncertainty and Uncertainty Analysis Redis. The Model
Development section contains details regarding the assumptionseds material prop-
erties, boundary conditions, solid model, correlation process, efthe Final Results
section provides the results of the correlation, and the UncertainAnalysis section
provides details on the e ects of varying di erent parameters, sth as mass and

heater power, on the correlated model.

4.1 Thermal Vacuum Test Overview

The thermal vacuum (TVAC) test seeks to test the entire spaceaft in a
space-like environment. The test duplicates both the vacuum of ape and the tem-
peratures seen by the spacecraft during its mission. One of margsts completed
during MMS TVAC was the tank heater circuit over-temperature trermostat vali-

dation test.
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This test served to verify the operation of the two thermostats tiat control
two sets of heater circuits on the tank: the gas side and liquid sidedters. The test
also duplicates the conditions of an actual thermal capacitance uging operation
on orbit. The TVAC test did not duplicate the propellant load in the tank. The
tank was lled with an Argon and Nitrogen gas mixture, rather than pgopellant
or another liquid simulant. This meant that there was gas on both sideof the
diaphragm within the tank. This di ers from the ight condition of the tank, where
the diaphragm will separate the pressurant gas from the liquid pretiant.

Once thermal steady-state has been reached, the test is contd by turning
both liquid and gas heaters on. This heats the tank until the overeimperature
thermostat set point|43 C|is reached. Once the set point within the thermostat's
tolerance is reached, the thermostat opens, shutting o poweptthe heater circuit.
The total test took approximately 6900s from heater circuit turron until the last
over-temperature thermostat had activated.

The thermal model developed for Phase Il was correlated usingetllata from
the over-temperature thermostat test. Heater current andemperature data from
the test were fed into the thermal model. The resulting model outg was compared
with temperature data recorded during the test by multiple 1-wire émperature

sensors placed at di erent parts of the tank.
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4.2 Model Development

4.2.1 Description of Tank System

The propellant tank modeled is one of four tanks installed in a crucifor
con guration within the MMS spacecraft as shown in Figurel.1[27]. Figures4.2(a)
4.2(c) show the overall solid model of the propellant tank with annotationso the

key parts listed in Table4.1 and referred to throughout Chapter4.

Figure 4.1: Flight con guration of the propellant tanks on MMS. Tanks
are mounted in a cruciform con guration and attached to two ringggold-
colored structure in photo), one ring on the top and other on thedittom
of the tank. All tanks and surrounding hardware are blanketed. lhage
from [27])

Each tank is attached to two structural rings inside of the spaceaft via four

struts (#1, 4, 7, 9) and an axial pin (#8). The upper struts of the tank are attached
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to the boomerang (#11), which is attached to the gas side tank bes(#3). The
lower struts and axial pin are attached to tabs (#10) on the liquid si@ of the tank.
Since the tank contains a diaphragm that separates liquid from gasthin the tank,
uid enters the tank via the liquid feed tube (#14) during propellant loading and
leaves through the same tube during ight. Pressurant gas entethe tank via the
gas feed tube (#2) and then expands within the tank during ight.

The tank itself is divided into two general regions: the gas and liquid stg (#5
& #6). These regions correspond to how the uid within the tank is sparated by the
diaphragm. As discussed in Sectiof. 1, the tank was completely lled with an Argon
and Nitrogen gas mixture, so both gas and liquid sides of the tank veeoccupied
by pressurant gas. To keep with the ight con guration naming conentions, the
nomenclature of \gas side" and \liquid side" was maintained.

Both regions of the tank contain a total of 14 heaters: 7 gas and ligl side
heaters (#12 & #13). The gas and liquid heaters are each on their awcircuit and
can be turned o and on independently. To protect the tank agairtsover-heating,
each heater circuit contains an over-temperature thermostatitkh a set point of

43 C.
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() (b)

(©

Figure 4.2: Tank model con guration with key parts labeled. See Tdé
4.1 for nomenclature reference.

Temperature is measured using both non- ight and ight temperatire sensors.

For testing, non- ght digital 1-wire temperature sensors are wxl. These sensors
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Table 4.1: Tank Nomenclature

ID Description ID Description
1 | Upper Right Strut 8 | Axial (Belly Button) Pin (inside of Receiver Plate)
Gas Inlet Tube 9 | Lower Right Strut

Tank Tab (strut tabs on left/right of tank;

3 | Gas Side Tank Bosg 10 belly button tab towards front)

Upper Left Strut 11 | Boomerang

Upper Hemisphere | 12 | Gas Side Heater

Lower Hemisphere | 13 | Liquid Side Heater

N oo b~

Lower Left Strut 14 | Liquid Outlet Tube

are located throughout the spacecraft to give detailed informatioto correlate the
thermal model of the spacecraft. These sensors are de-adi¢h prior to launch

and are not used in ight. There are far fewer ight thermistors onthe spacecratt,
and are typically located on critical hardware in a few key positions. fie MMS
propellant tanks have two ight thermistors, one located at each ple of the tank
to sense gas and propellant side temperatures. Flight thermistoase not typically

used to correlate thermal models, though they will be the only mearto measure

temperature on the tank during the MMS mission.

4.2.2 Assumptions

The following documents the assumptions that were made when déeygng
and correlating the tank thermal model, as well as the rationale angisti cation

for each.
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Convection within the Nitrogen/Argon mix inside of the tank was
neglected. In order for the ANSYS model to close, heat transf er
through the gas was modeled as conduction as if the gas were a

solid. The mass of the gas was accounted for.

The propellant tank tested in the MMS TVAC test was lled with a nitro-
gen/argon mixture. Since the tank system was e ectively closed ¢nvalves were
open and the system was all welded), the gas inside of the tank caa tonsidered
at rest and the amount (mass) to remain constant throughout tl duration of the
test. As heat is applied to the tank walls, natural convection of thgas inside of the
tank can occur.

The Rayleigh number gives a convenient means to determine if the hé@ns-
fer within a uid is dominated by conduction or convection. If the Rayeigh number
is large (16 to 10®) natural convection is present in the gas. The Rayleigh number
was calculated via Eq.4.1 for the propellant tank to determine if natural convection
was the dominant mode of heat transfer within the gas. The calcuiah was sim-
pli ed by modeling the tank as a vertical at wall, with vertical length equal to the
height of the tank. This was a reasonable simpli cation since the MMSrppellant

tank is longer than it is wide.

Ra = g (Tw Tl )L3 (4.1)

Where:
g: Acceleration of gravity
Tw: Temperature at wall
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T, : Free stream or quiescent temperature
L: Length

. Kinematic viscosity

: Thermal di usivity

. Gas thermal expansion coe cient, = %

The temperature at the wall, T,,, was assumed to be 4&, which corresponds
to the set point of the over-temperature thermostats. IfT,, were greater, the
Rayleigh number would only increase. The quiescent temperatur€;() of the tank
was assumed to be 3C, which was approximately the temperature of the tank when
thermal balance (thermal steady-state) had been achieved dog thermal vacuum
testing.

Using the material properties evaluated af; in Appendix A, the tank height,
and the values stated foiT,, and T, , the Rayleigh number was found to be:13x1C,
indicating that natural convection is occuring inside the tank (see able 4.2).

The heat transfer into the tank system, however, is a compositegblem as
illustrated by Figure 4.3 Heat from the heaters attached to the tank wall is con-
ducted through the heater adhesive, though the titanium tank wi and nally
transferred via natural convection into the gas within the propellat tank.

The total heat transfer from station 1 in Figure4.3to station 4 can be repre-
sented in circuit notation, with conduction and convection treateds resistances as

illustrated in Figure 4.4 and Eq. 4.2-4.3
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Kadn Xri Xgas

Figure 4.3: 1-D representation of heat transfer through crosection of
propellant tank. Heat travels through the heater adhesive, taniall and
then into the pressurant gas.

T 1 Tp_ Tg_ T4=Ta-a

Figure 4.4: Circuit notation of the heat transfer through crossextion of
propellant tank.

T, T4
q= : (4.2)
A S
Equation 4.2 can alternatively be written as:
T, T
q= - (4.3)

Radh + RTi + Rgas

The convective heat transfer coe cient in the pressurant gashjss) in Eq.
4.2 was estimated by again treating the tank as a vertical wall and caltating

the Grashof and Prandtl numbers via Eq#.4-4.5. These parameters can be used to
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determine the Nusselt number and ultimately the convective heatansfer coe cient.

— g (Tw Tl )I—3
Gr. = 5 (4.4)
C
r= (4.5)
The de nition of Nusselt number can be rearranged to give:
kNu
hgas = T (4.6)

The estimated heat transfer coe cient was checked using two dieent equa-
tions for the Nusselt number as derived for vertical at plates. Egation 4.7, the
Squire-Eckert result for heat transfer at a vertical wall, is derivé by Lienhard [28]

and Eq. 4.8by Rohsenhow 29]. The results of these calculations are shown in Table

4.2
1 Pr
Nu =0:678Ra* m (47)
. 1 1
NU = 0.5083rzGri (4.8)
(0:952 +Pr)4

The calculated convective heat transfer coe cients using Nu fronboth Eq.
4.7 and 4.8 are within the same order of magnitude, which is expected and su on
for this exercise.

Table 4.2 also shows the total conductive resistance of the heater adhesiv
and the titanium calculated, and the convective resistance of theag (Eq. 4.2
4.3). These were calculated using representative values of thermahductivity and
tank geometry to obtain an order of magnitude solution. The resulig convective
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Table 4.2: Calculated Thermal Quantities

Quantity Calculated Value

Rayleigh, Number,R, 1:13e8
Grashof Number,Gr 1:7e8
Prandtl Number, Pr 0:663
Nusselt Number,Nu, via Eq. 4.7 56.0
Nusselt Number,Nu, via Eg. 4.8 419
Convection Coef. hgss (Nu via Eq. 4.7) 9:8%
Convection Coef. hgss (NU via Eq. 4.8) 74
Gas thermal resistanceRgas 5:0%
Conductive thermal resistanceRcond = Radn + Rri 0:03\',(—\,
Heat Capacitance Ratio of Ti:N2 + Ar Mix, 9

resistance using either value of convection coe cient is two ordersf magnitude
greater than the combined thermal resistance due to conductighrough the solid
materials.

This means that heat will tend to ow within the heater adhesive and ank wall
much more easily than through the pressurant gas. The ight themistors on the
tank will see temperatures that are representative of the tank all, rather than the
gas. The convection within the gas is therefore not the primary drér in a ecting
the temperature of the tank.

This result is signi cant because the thermal analysis of the tank itdf, as well
as the ultimate propellant gauging estimates made on the ight prodsion system,
are concerned primarily with the temperature of the tank wall, not he specic

temperature of the pressurant gas or propellant. Tank tempetare telemetry on
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ight is only returned from thermistors located on the tank wall.

The mass of the titanium tank wall and gas also play a key role in the hea
transfer dynamics of the system. A ratio of volumetric heat cap#ees of the tita-
nium composing the tank wall and the Argon and Nitrogen gas mix canebeasily
derived. Assuming the same, constant heat input into both materis, the following
ratio can be found:

mcj+;

. My (4.9
MCplar+ N,

If is greater than 1, then the thermal response of the system will lm®mi-
nated by the titanium. If is less than 1, then the overall heat transfer is dominated
by the pressurant gas. Using representative properties &g and approximate val-
ues of the mass of the titanium and théN,+Ar gas mix within the propellant tank,

= 9 (Table 4.2). Thus, the thermal response is dominated by the mass of the
titanium. Even though the gas mixture has a higher speci ¢ heat (E(%J—K) than the
titanium (553|@J—K), the gas is far less massive than the tank wall, meaning that less
energy is stored in the gas and more is stored in the titanium.

As an additional veri cation of the above reasoning, simulations vaing the
conductivity of the gas solid model in the tank were run using the Pls& | tank
thermal model. Two simulations were performed: one in which the cductivity of
the gas was left at the nominal value (see Appendk), and the second in which the
gas conductivity was increased 1000x to simulate the more rapid hdeanfer one
would expect in a gas that is well stirred. Both simulations had identideboundary

and initial conditions and heat input. The average temperature offte tank wall
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(calculated using a volume-weighted average of all elements in thenkawall solid
model) vs. time, and the average gas temperature vs. time are shoin Figures

45and 4.6.
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Figure 4.5: Average temperature of the tank wall vs. time for gasn-
ductivity at baseline (blue line) and multiplied 1000x (orange line). Dif-
ference in temperatures between cases is approximatel$ €.

The di erence in average tank temperatures reach a maximum of :50C, while
the di erence in uid temperatures is ~25 C. Both di erences are small and ex-
pected. In Figure4.5 the dierence in average wall temperatures is smaller than
in the average gas temperatures (Figurd.6) due to the larger mass of the wall
compared to that of the gas (Eq.4.9 and Table 4.2).

The higher di erence in uid temperatures between cases is a resullf the

higher thermal conductivity. Here, the thermal resistance of th gas portion of the
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Average Fluid Temp vs. Time
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Figure 4.6: Average temperature of the gas vs. time for uid condtiv-
ity at baseline (blue line) and multiplied by 1000x (orange line). Di er-
ence in temperatures between cases is approximatehp Z.

system is now much lower than that of the titanium wall and heater daesive (as it
would be if the convective heat transfer coe cient were much, muchigher, as in a
stirred system or tank with fuel sloshing). Thus, more heat is allowleto ow into
the uid itself, raising its relative overall temperature.

This temperature, though, is not stored as readily in the gas due tihve gas'
low mass. The tank wall, being more massive and therefore having arell higher
volumetric heat capacitance, has smaller di erences in temperawirover time be-
tween cases. The gas, with its low mass and corresponding lower woddric heat

capacitance, has greater di erences in temperature over time taeen cases.
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This means that even if the heat transfer in the uid is modeled as caluction,
the overall resulting temperatures in the tank wall are e ectively he same. The crit-
ical property to account for is the mass of the gas and titanium, wth is accounted
for in this analysis. Given the above reasoning, the assumption of neing the heat

transfer through the gas as conduction in the ANSYS model is reasable.

The diaphragm within the tank is not physically modeled, but its

mass is accounted for.

In normal operation, the diaphragm separates liquid from gas in th@opellant
tank, giving the propellant a speci ¢ shape, while also forcing the ppellant to reside
in either hemisphere of the tank. For the TVAC test, both the liquid aad gas sides
of the tank were lled with an argon and nitrogen mixture. Since the thphragm
separates the same material, there are no di erences in the shap# the gas. The
heat transfer through the diaphragm is not a signi cant player in tle overall heat
transfer in the problem, since the majority of the heat transfer ialready going into
the more massive tank (diaphragm mass is on the order of kilogrammgile the tank
is on the order of tens of kilograms). The mass of the diaphragm weluded in

the model by smearing its mass within the overall tank model (see &en 4.2.3.1

for more details on mass smearing).

The tank blanket and tape were not physically modeled, but th e

mass and thermal properties of each were accounted for.

Blanket e ective emissivity was considered in the model, as this is theek
parameter driving the radiation from the tank. The tape itself, withits conductive
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adhesive and uniform application, serves to spread the heat evealpund the tank.
As described in Sectiort.3, the e ect of the tape evenly distributing heat from the
heaters around the tank was modeled. Both the mass of the tapedablanket were

accounted for in the model.

Radiation to the average environmental temperature is mode led, but
surface to surface radiation between the tank and the surrou nding

spacecraft enclosure was not.

During the initial development of the thermal model, the structuresurrounding
the tank was modeled. As part of the TVAC test setup, both rings Wwere the
tank was attached (see Figurd.l) were held at a near-constant temperature. Test
data taken from test sensors located on other parts of the sounding structure
also showed that the temperature remained nearly constant foh¢ duration of the
over-temperature thermostat validation test. The surface teperatures of all parts
in the model stay within the same magnitude (20-4%), so radiation losses are
negligible compared to conductive losses through the tank interie& The radiative
heat transfer from the tank to an average environmental tempature was included
to account for the small radiative transfer that is present.

In addition, the surface-to-surface radiation from the tank to he surround-
ing spacecraft was minimized by the thermal design of the tank. Thenk itself
and other hardware located near it were covered with blankets th&ad e ective
emissivities on the order of 1e-4. The portions of the tank that wernot blanketed,

such as the tabs, have a small surface area compared to the rekthe tank and

64



therefore contributed very little to surface-to-surface radiabn. Radiation transfer
to the structure and vice versa was therefore minimized.

This is illustrated in Figure 4.7, which shows the heat ux of di erent parts
of the tank for the time period of the over-temperature thermdat validation test.
This data was produced using the Phase | thermal model of the tlmo get an order
of magnitude understanding of the heat ow distribution within the model.

Heat Flow vs. Time
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Figure 4.7: Heat ow through di erent parts within the tank system.
The majority of the heat is owing via conduction through the tank wall
(blue line). Radiation (green line) from the tank surfaces is presenbut
is orders of magnitude less than conductive losses through the kan

By 7000 seconds (approximately 100 seconds past the end of therdemperature
thermostat test), radiative heat ux is an order of magnitude lowe compared to the
conductive ux in the tank wall. Therefore radiation from the tank to the enclosure

can be neglected with little impact on the overall heat transfer. Thislso reduces
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the overall complexity of the model, decreasing the solve time.

A \perfect" bonded contact existed between all interfaces i n the

model.

The assumption was made to practically implement the model in ANSYSd
serve as a starting point for the correlation process. By defaulb)l contacts are de-
ned as \bonded," meaning that there are no conductive losses heten connected
parts. ANSYS does allow for a thermal contact conductance or TCto be de ned
at all contacts. A key part of the correlation process was detelimng how to ac-
count for contact conductance losses in the model. Thereforerieais TCC's were
de ned (see Sectiort.6) at key interfaces in the model to correlate results to the test
data. However, the majority of contacts were left as bonded/ptect since detailed

information on conductance for all contacts was not available.

4.2.3 Material Properties

Each part of the Pro-Engineer solid tank model was assigned its owraterial,
which in turn was mapped to a database of material properties withithe ANSYS
Workbench interface. The key properties required in this thermanalysis are den-
sity, conductivity, speci ¢ heat and emissivity. Density is used to deve mass of
a part and the conductivity, emissivity, and speci ¢ heat allow for tle governing
equations (see ChapteR) to be solved. TableA.1-A.6 in Appendix A provides the
master list of materials and material properties used in the analysias well as the

source used to obtain each property.
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That material properties for the tank diaphragm and nitrogen-agon gas mix-
ture did not have properties that could be readily looked up in a tableThe prop-
erties for the tank diaphragm material were not available from the anufacturer,
Dow Chemical. Research into the diaphragm material, similar to AF-E3, showed
that the material had characteristics similar to Nordel 1635 and ER [30. The
properties of the diaphragm were therefore averaged for EPDM@EPR, which are
most similar to Nordel 1635 and EPR.

Properties for the nitrogen-argon gas mixture were calculated sad upon the
partial pressures of each gas loaded into the propellant tank pritw the TVAC test.
The mixture density and speci c heat were calculated using the moldractions of
the gas found via the partial pressures. The conductivity of theag mixture was set
at that of nitrogen, since over 90% of the mix was composed of thiag

Material properties were modi ed in two di erent ways: to match the as-
measured mass of a part and or to change the e ective thermal rcuctance of a

group of parts.

4.2.3.1 Mass of Parts & Mass Smearing

The mass of each part of the solid model in ANSYS is found by calculagin
the volume that the part occupies and then multiplying that volume bythe density
of the material assigned to that part. Sometimes, the mass of thgart in the model
di ered from the mass of the real, physical part. This only way to coect this

di erence was to modify the part's density. In a thermal analysis, dnsity only
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serves the purpose of changing a part's mass, since the volumehd solid part in
the model will not change. Table4.3 shows a representative example of how solid
part density was modi ed to match the actual mass of a part. Caldations like
this were used throughout the model to ensure that the total nes of the solid tank

model matched the measured mass of the actual tank.

Table 4.3: CAD Part Density Modi cations

Part: Lower Strut
Model Volume: | 2:98e 05| m3
Model Initial Density: | 5156.05 | X%
Model Initial Mass: | 0.15348 | kg

Actual Mass: | 0.1746 | kg
Modi ed Density: 5866 | X9
New Model Mass:| 0.1746 | kg

Smearing of mass was also used to account for the mass of partattivere
either distributed around the tank (e.g. the tape), parts where e mass was not
known explicitly (i.e. tank diaphragm, heaters, tank blanket), and ® account for
small hardware that was removed during the de-featuring proceésee Sectiod.5.1),
such as nuts, bolts, washers, and other small hardware.

Since the precise center of mass of the tank was not measurece tank was
divided into the gas and liquid sides (Figuret.2) and a mass ratio IR cap ) of the
mass of the lower sideNl cap:Lower ) t0 the mass of the upper side of the CAD model

(Mcap.upper ) Was calculated using the detailed CAD model of the completed MMS

68



tank (Eg. 4.10. This model included all mechanical and thermal hardware.

M ~2n-
MRcap = — —2DLower — .95 (4.10)
|\/ICAD;Upper

The same mass ratio was calculated for the de-featured ANSYS katinermal
model (Eqg. 4.1]). Since the mass of the actual ight tank assembly was found via
weighing the tank during installation (Figure 4.8) [31], the di erence between the
thermal model mass and the known mass could be calculated using. 412 and
Eq. 4.13

M CAD;Lower X mod
MR = ’ =0:95 4.11
Mod MCAD;Upper + Ymod ( )

M = Mactual Mmodel (4- 12)

Xmod + Ymod = M (4.13)

Equations 4.11-4.13 were then solved simultaneously to nd the amount of
mass needed to be added to the upper and lower portions of the AXS model
(Xmod & Ymod) t0 maintain the proper mass ratio. This methodology enabled mass

to be proportionally \smeared" across the ANSYS thermal model.

4.2.3.2 E ective Thermal Conductivity of Grouped Parts

Mass properties were also modi ed to model groups of parts. As btarated
on in Section4.6 and Section6.2.1.1 individual solid parts were grouped together to
ease the correlation process and to model thermal losses throuwgthermal conduc-
tance coe cient (TCC). When parts are grouped in ANSYS, the sdfvare does not
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Figure 4.8: The propellant tanks were installed by lowering the tank it
the propulsion system structure using a crane. A load cell (not pigted)
was placed above the propellant tank to determine the mass of thank.
(Image from B1])

allow for an easy way to apply a thermal conductance to the grougeart. It only
allows a thermal conductance value to be assigned at a speci ¢ cactt. Since the
default contact type in ANSYS is a bonded contact (see Secti@gn2.2, changing the
thermal conductance of a strut (Figure4.9), for example, would require setting the
conductance coe cient for each contact between each of the pga. This becomes
extremely cumbersome in a model containing hundreds of contacts

This problem was alleviated by de ning groups of parts that sharedhermal
properties that were based on the mass average of the constituparts within the
group. Table4.4shows and example of the thermal properties used for a tank styu

shown in Figure4.9. The strut consists of four parts (left to right): the tab interface,
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strut, clevis, and pin, each of which has its own thermal propertieS'hese individual
thermal properties were combined into a new material with thermgbroperties that
were based upon the mass averages of each of the parts within greup. These

mass-averaged properties were assigned in ANSYS to all individualr{s within the

group.

Figure 4.9: CAD model of the tank strut. These parts were groujle
together to form one part with its own set of mass properties (sé&@ble

4.4,

Table 4.4: Strut Material Properties. All parts shown in Fig. 4.9 were grouped
together and assigned the material properties (labeled \Mix") bal upon the mass
fraction of each sub-material.

. . Thermal Conductivity Speci c Heat
Sub. Material Mass Fraction W 3
mK- kgK™

Pin: 17-4 PH 0.21 10.46 460.5
Tab Itfc: 6-4 Ti 0.24 7.20 554.3
Clevis: 6-4 Ti 0.22 7.20 554.3
Strut: 6-4 Ti 0.34 7.20 554.3

Mix: 7.91 534.7

From a thermal perspective, the ANSYS software \sees" this asne part,
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instead of multiple parts. By de nition, the thermal conductance isproportional
to the conductivity (see Sectiord.6). Since the part cross-sectional area and length
remain constant and the thermal contact between each part is hded (see Section
4.2.2), then the conductance of the grouped part can only be increaker decreased
by changing the thermal conductivity of the grouped part. This m@hodology was
used throughout the tank. All grouped part material propertiesare referenced in

Appendix A, Table A.1-A.6.

4.3 Initial & Boundary Conditions

Initial conditions, temperature, radiation and heat ux boundary conditions
were applied to the tank thermal model. These conditions were basepon test
data gathered during the over-temperature thermostat testaken during TVAC.

The initial temperature condition for each run was set to those sk in Table
4.5, These values were based o of 1-wire sensor readings from thermstemperature
thermostat test. If no 1-wire sensor was on or near a componegrihe average
temperature of 31C was used. This average was based on multiple 1-wire sensor
readings in the vicinity of the tank at thermal steady-state.

The following subsections will provide speci cs for each of the bouad; con-

ditions used for the ANSYS thermal tank model.
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Table 4.5: Applied Initial Conditions

Component Initial Temperature ( C)
Lower Ring Pin Receiver 28.0
-Z Tab Interface 32.2
Lower Left Strut 30.7
Tank Tab by Pin 31.4
Lower Hemisphere 33.0
Upper Right Strut 33.5
Gas Inlet Tube 34.2
Liquid Outlet Tube 29.9
All other parts 31.0

4.3.1 Temperature Boundary Conditions

Temperature boundary conditions were applied at the interface dlhe upper
and lower rings to the tank struts (i.e. at the strut pin, see Fig.4.9), the receiver
pin plate (also attached to the ring), and gas and liquid feed tubes,sashown in
Figure 4.10 The temperatures of the rings were monitored during the TVAC t&
by a number of 1-wire temperature sensors placed in various spar®und the ring.
This meant that the temperature at the tank strut pin and ring interface, as well
as the receiver pin plate and ring interface, was known. The tempure of the gas
and liquid feed tubes were also known from 1-wire sensors locatedtbe tubes.

This known temperature variation meant that the tank thermal malel could be
simpli ed by removing the solid models of the rings, and replacing thenmsing only a

prescribed temperature boundary condition. All temperature bundary conditions
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Figure 4.10: Locations of applied temperature boundary conditiorn(&
& B: Gas and Liquid tubes; C: Upper Strut Pins; D & E: Lower Strut
Pins; F: Belly Button).

varied with time. The temperature boundary conditions as applied téhe tank are
shown in Figure4.1Q Values of temperature vs. time for each element is listed in

Appendix B, Table B.1.

4.3.2 Radiation Boundary Conditions

The radiation boundary conditions were applied to the model using themis-
sivities of the tank blanket, struts, and other exposed parts ofne tank. Specic
emissivities and environment temperatures used are in Appends Table B.2.

Per the assumptions made in Sectiod.2.2 radiation between the tank and

the enclosure around it was not modeled. This was because the diee emissivity
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of the tank blanket is small, the surface area of the exposed tankns is small, and
the duration of the over-temperature thermostat test is shorenough that the tank
doesn't get very hot and thus radiation heat transfer will be verymall.

Figure 4.11 shows the locations on the tank model where radiation boundary

conditions are applied. Labels shown in Figurd.11are de ned in Table 4.6.

Figure 4.11: Locations of applied radiation boundary conditions (lalbesl
A-D in Figure; see Table4.6).

Table 4.6: Radiation Boundary Condition Locations

Label De nition
A Blanket
B Struts
C Tank Pin & Receiver Plate
D Tank Exposed Parts (tabs, etc.)
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4.3.3 Heat Flux Boundary Conditions

The heat addition from the tank heaters was modeled as a uniformlyisd
tributed heat ux over the entire upper and lower surfaces of théank. This repre-
sentation is justi ed because the tank and heaters are covered multiple layers of
aluminum tape with conductive adhesive.

The heat addition from the tank heaters was calculated from measments
of the tank heater circuit current. The time at which either the gaor liquid heater
circuit thermostat activated was determined from looking at time hisry plots of
gas and liquid side temperature and tank heater circuit current, ashown in Figure
4.12 This gure shows that the gas side circuit turns o before the liquid as well
as the time at which each respective heater circuit de-activates.iriies are relative
to the beginning of heater activation.

Knowing the current and when each thermostat activated for e&ccircuit en-
ables one to compute the power going into the gas and liquid heatessafunction of
time. The total heater circuit resistance for all 14 heaters and Wage was calculated

using Eqs.4.144.15

x4 1 i
R¢ = 414
¢ i=1 Rhtr;i ( )
V. = Reic (4.15)

The heat ux into the gas side of the tank was calculated using Eq#l.164.17.
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Over-Temperature Thermostat TVAC Test
Gas (PRP-068) & Liquid (PRP-072) Temperatures
Heater Circuit Current
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Figure 4.12: Gas and liquid side temperatures (left axis) and heater
current percentage (right axis) as a function of time from the TVE
over-temperature thermostat test. The sudden drop to 50% maurrent

at 5000s shows that the gas heater circuit reached its temperagulimit
and was de-activated before the liquid heater. Times are relative to
beginning of heater activation.

Heat ux into the liquid side of the tank was calculated in a similar manner

V2

= ___ ¢ 4.16
q,lpper RgasE Aupper ( )
L
X1
Rgase = R (4.17)
i=1 tehtri

The resulting heater heat ux per time for the gas and liquid sides othie tank
is shown in Figure4.13 These values were then applied to the solid model of the

tank in ANSYS, shown in Figure4.14(a) & 4.14(b).

77



Over-Temperature Thermostat Test
Tank Heater Flux
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Figure 4.13: Tank heater heat ux vs. time for the gas (blue line) and
liquid side (orange symbols) as calculated from recorded current ugme
history during the TVAC over-temperature thermostat test. Times are
relative to beginning of heater activation.

(a) Liquid Side Heat Flux (b) Gas Side Heat Flux

Figure 4.14: Location (blue area) of the heat ux boundary conditins
on the liquid side (left) and gas side (right) locations in the thermal
model.
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4.4 Sensor Locations and Test Data

Results from the ANSYS thermal model were compared to tempéuae mea-
surements at seven locations on the propellant tank where 1-wirenbperature sen-
sors were available. Tablel.7 lists the sensor locations and corresponding sensor

names. AppendixC provides gures of the approximate location of each 1-wire

sensor.
Table 4.7: Sensor Location Nomenclature
Sensor Location 1-Wire Sensor Designation
Tank Belly Button Tab PRP_051
Boomerang PRP_053
Upper Right Tank Strut by Ring PRP_054
Lower Left Tank Strut at Tank Tab PRP_056
Lower Left Tank Strut by Ring PRP_057
Gas Thermistor PRP_068
Liquid Thermistor PRP_072

45 ANSYS Model Details

A number of pre-processing steps were completed prior to solvifgetANSYS
model. These steps were de-featuring the solid CAD model, meshirge tmodel,

and de ning areas to query nodes to return temperature results
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4.5.1 Model De-Featuring

Model de-featuring refers to removing features from the mod#tat do not
play a large role in the heat transfer but would signi cantly add to thesize and
complexity of the mesh. The Pro-Engineer model of the tank provt by the
MMS propulsion designer re ected the as-built ight con guration of the tank, and
included all ight and non- ight hardware, such as nuts, bolts, wakers, lock-wire,
thermistors, 1-wires, etc.

Design Modeler, ANSYS's CAD pre-processing tool, was used to @ature
the model. This program allowed extraneous features to be remdyeaather than
suppressed. Figurd.15and Figure4.16show examples of the tank before and after
de-featuring. Small sensors were removed, as well as bolts, nasl washers. Bolt
holes were lled, and CAD importation errors, such as slivers and shhdaces, were

also corrected.
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(a) Before

(b) After

Figure 4.15: CAD model of the upper hemisphere region of the tank
before (top) & after (bottom) de-featuring. Small parts, suchas bolts,
washers and jam-nuts, are removed from the model and bolt holase
lled.

While some delity is lost, the smaller mesh size greatly reduces the seliime
of the model. Reduced mesh complexity ensures that the model gerges at each
time step iteration process during the transient solution. Both oftiese benets

outweigh the small loss of delity in the model detalil.

81



(a) Before

(b) After

Figure 4.16: CAD model of the lower hemisphere region of the tank
before (top) & after (bottom) de-featuring. Small parts, suchas bolts,
washers and jam-nuts, are removed from the model and bolt holase
lled.

4.5.2 Meshing

After the de-featuring process, the solid model of the tank waseshed using
the integrated meshing tools within ANSYS. The mesh was created ing auto-
matic mesh controls, generating a patch-conforming/sweeping ste The mesh had
approximately 175,000 nodes, 88,400 elements and is shown in Fighr.

The mesh was re ned using an iterative process to drive thermalrer to a min-
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Figure 4.17: The patch-conforming/sweeping mesh generated fibre
tank and used in the analysis.

imum. Thermal error is a dimensionless and relative measure of di erees in ux
between elements. This di erence in heat ux between elements islcalated [32]
by subtracting the heat ux in each node at a given direction ') from the average

heat ux at each node @?), per Eq. 4.18

q=9* ¢ (4.18)

The dimensionless error per element is found by numerically integragrall of

the nodal ux di erences within the element volume, as representeby Eq. 4.19
z
e/ q dVelem (4.19)

Finally, the total error is the sum of all the errors in each element inlte model
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(Eq. 4.20 [32).

e= € (4.20)

The more nodes a model has the less relative errag, exists. Therefore
the total error in the model is reduced. The thermal error is relate since it only
compares uxes from element to element, and does not account &l of the elements
simultaneously. Thermal errors are typically small (on the order ofe 3 or less),

even in the coarsest of meshes.

A: Transient Thermal
Thermal Error

Type: Thermal Error
Time: 6900

2/11/2016 12:53 PM

0.0045673 Max
0.0040598
0.0035523
0.0030448
0.0025374
0.0020299
0.0015224
0.0010149
0.00050747
3.6372e-28 Min

Figure 4.18: Distribution of the thermal error in the tank mesh. Thevast
majority of the thermal errors are between zero and 5. Note that
thermal error is dimensionless and is a relative measure used primarily
to guide mesh re nement.

According to the ANSYS training material, the thermal error is bestused
to show what parts of the mesh should be re ned, rather than udeas an absolute
measure of error in the problemd3]. This guideline was applied to the tank thermal
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model mesh. The thermal error for the mesh used in the model isos¥m in Figure
4.18 The greatestrelative error was on the order of 1e3, with the vast majority of
the mesh having a relative error of 1e28, which is e ectively zero. The maximum
relative error occurs in a small cell within the tank belly button tab asembly. Mesh
re nement removed this error, and a subsequent sensitivity stydperformed (see
Appendix E) showed that error magnitudes of this order or smaller had no majo
impacts on the results of the model.

The areas with higher relative thermal error were minimized by chaingy local
mesh sizing during mesh re nement to the best extent possible to laamce both
accuracy and solve time. For example, the mesh shown in Figutel 7 resulted in a
solve time of approximately 45 minutes. A denser mesh with lower oadlr relative
error, as shown in AppendixE, Figure E.2, resulted in a solve time of approximately
89 minutes. Dierences in temperature results between both casevere negligible

(see AppendixE).

4.5.3 Locations to Query Results

Temperature solution results from ANSYS were returned by queiryg pre-
de ned areas on the solid model. Each of these areas approximatelyrresponded
to the location of a 1-wire sensor used in the test, as listed in Tabk7. The
locations on the CAD model were approximated within centimeters dhe actual
bond location, since information of the precise bonded location ofaal-wire sensor

was unknown. The location of the 1-wire sensor in the model was apgpimated by
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referencing photos of actual installed sensors on the tank, asosim in Figure 4.19

(b) CAD Model Location

Figure 4.19: Photograph of the lower left tank tab showing the locain of
the 1-wire temperature sensor as-built (top). CAD rendering ohie lower
left tank strut (bottom) with arrow showing the approximate location
of the temperature sensor inferred from the photograph.

Areas were speci ed by creating a small circular patch area on thel&l model
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of the tank. This circle was imprinted onto the solid model, which creatl an
arealor surface|from which temperature results could be queried. After the model
was solved, an area-weighted average temperature was calcudateom all of the
nodes located on the de ned surface. Appendi® describes the algorithm that
was used to calculate the area-weighted average temperatureeaich of the de ned
surfaces. This methodology was used for all sensors listed in Tabhlé All locations

on the model can be seen in Appendig.

4.6 Model Correlation Process

4.6.1 Overview & Approach

Model correlation was done using a systematic process that stadt with
matching temperatures at locations with relatively simplistic heat trasfer paths,
and then broadened to areas with more complex heat paths. Cdagons began
with the tank struts, since the heat ow through them was almost pirely conduc-
tive. After the struts were correlated, other parts of the tank such as the tank wall
and tabs, were analyzed. Finally, individual piece parts, like the boagnang, were
analyzed to further re ne the correlation.

Modi cations to correlate the model were not made in an ad-hoc fa®n,
but done to re ect the as-built con guration of the tank, and capure the e ects
of tape, harnessing, blanketing, and other as-built features thali ered from the
CAD model. Modi cations were made one at a time, with the model reedved after

every revision. This tedious approach was made to learn how the nedadesponded
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to changes. Temperature changes throughout the tank were nitored and noted
to assess the impacts of modi cations to di erent parts of the moel. Future modi-
cations were then based on the observed behavior. This procesas iterated until
the objective of correlating model temperatures to within +/- 3C of the test tem-
peratures was achieved. An approach utilizing a numerical optimizah technique
to accomplish this correlation could also be used, and is discussed ictiea 6.3
Future Work.

Correlating the model involved changing the thermal conductancaf di erent
parts to match temperatures in the model to temperatures recded by the 1-wire
sensors during the over-temperature thermostat veri cationdst during TVAC. The
thermal conductance is de ned from Fourier's Law. For 1D heat u through a

block, Fourier's Law to can be written as follows:
Q= U T (4.21)

where U is the thermal conductance de ned as

U = kTA (4.22)

The thermal conductance is an inverse of thermal resistance,dahas Sl units
of % It is analogous to electrical conductance@() or the dimensionless loss factor,
K, in component uid ows. ANSYS designates the thermal conductace between
contacts as the Thermal Contact Coe cient or TCC. As describedn Section4.2.3.2
ANSYS de nes a TCC wherever there is a contact between two solicags in the
model. By default, this contact is de ned as \bonded" or \perfect' meaning that
the TCC is set to a value so high that there is e ectively no heat loss heeen parts.

88



This poses problems when one tries to use it to reduce temperatyrediction errors
since the conductance value at every contact may not be knowmade ning a con-
ductance value at every contact in a complicated model become£dy complicated
and tedious.

This problem was alleviated by de ning groups of parts that sharednermal
properties that were based on the mass average of the constittuparts in the group
(Section 4.2.3.9. Since the model geometry within ANSYS is xed, the grouped
part's cross-sectional area and length are also xed. Thereferper Eq. 4.22 the
only way to e ectively modify the thermal conductance of a groupe part within
ANSYS is to modify the conductivity material property. This is e ectively the
same as modifying the thermal conductance at each contact withithe grouped
part, however that conductance is now spread across the wholegped part, rather

than at one speci ¢ contact.

4.6.2 Conductance Study Results

The main conductance studies were done on the struts and on thedmerang.
The primary purpose of these studies was to analyze how the modehaved when
conductance at key locations in the model were changed, and holose changes
e ected the predicted temperatures at each of the 1-wire locatg.

Changes to the model were not necessarily made in a linear fashiorxpgri-
mentation with the model, via tweaking values to understand the e €ts, occurred

frequently. These experiments sometimes yielded important lessprand at other

89



times yielded no useful results. This experimentation sometimes caal large dif-
ferences in temperatures between model revisions and conduck studies. These
di erences were sometimes due to nding errors in modeling, such dsscovering
and correcting an error in mass distribution or how temperatureseave queried from
the model.

Results shown in the following sections provide a brief summary of tiséudies
performed. Temperature di erences were taken at the end of ¢hsimulation run,
and compared to the test data. For brevity, the results shown inhe following
subsections only highlight some of the major studies completed. S&ppendix F

for the complete change logs.

4.6.2.1 Lower Strut Tab Interface Conductance Study

The rst conductance study focused on the lower tank strut tabinterfaces.
The TCC value was modi ed at the tank tab-strut interface as show in Figure
4.2Q as well the conductance through the strut as a whole, which wag ded as a
grouped part (see TableA.1, Appendix A).

Prior to beginning the lower tank strut conductance study, photgraphs of the
as-built tank were consulted. They revealed that an electrical haess was routed
along the lower right strut, providing an additional path for heat exhange that was
not accounted for in the CAD model. Since the exact e ect this wire auld have on
the overall conductance of the strut was not known, an estimatef the increase in

conductivity to the strut was made. The conductivity multiplication factor (CMF)
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of this strut was set at 2.0 to capture the e ect of the electrical Arness on the

conductivity of the strut materials.

Figure 4.20: Locations on tank lower strut where conductance vals
were modi ed. Left and right lower struts are identical.

Table 4.8 shows that as the TCC at the lower strut/tab interface (see Figus
4.20 was increased (allowing more heat ow) while maintaining a constantverall
grouped strut conductivity, the temperature di erence at the laver left strut tab
(PRP_056) location increased. This meant that too much heat was owinghtough
the strut. The TCC was then reduced, resulting in smaller temperate deltas.
Recall that \perfect" contact is characterized by large TCC valus, so the larger the
TCC, the less conductive losses there are at a contact region.

Changing the strut conductance did little to impact the temperatues at the

liquid (PRP _072) and belly button tab (PRP_051) locations. Instead of increasing
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Table 4.8: Lower Strut Tab Interface Conductance Study Results

Lower Strut

Di erence of Model

TCC ( %) at Tank Tabs Measured Temp ( C)
Rev | Right TCC | Left TCC | Lower Hemi CMF (PRlF;iCIO72) Tan”(ﬁggtt‘fgSl) Tab"(ﬁagg“t_o%)
31 20 20 1.5x 3.415 3.723 1.08
29 50 50 1.5x 3.402 3.714 3.563
28 75 75 1.5x 3.397 3711 4363
27 127 127 1.5x 3.391 3.707 5.112
30 175 175 1.5x 3.389 3.706 5.43
32 20 20 2.0x 2538 3.815 1.392
33 20 20 2.0x 2.439 0.473 1.293

aIn this Rev, results were queried from a patch area instead of a figélected area as done in Rev. 32 (see Ch. 6, Sectioa2)




the lower strut conductivity multiplication factor, CMF, even higher, it was postu-
lated that the tape covering the tank wall was providing a higher cafuctivity on
the lower portion of the tank than previously modeled. The lower heisphere CMF
was increased to 2.0, while the lower left strut conductance was texd (Revisions
32-33). This resulted in a slight increase in temperature di erence ¢ghe lower left
strut location (PRP _056), but signi cantly reduced the temperature di erence in
the liquid side(PRP_072) and belly button tab (PRP_-051) sensor locations sensor

locations.

4.6.2.2 Boomerang Conductance Study

Another conductance study was undertaken at the boomerangé strut inter-
face locations (see Figurd.2]). Values of the TCC were modi ed at the locations
shown in the gure. This study was conducted since it was discovete¢hat details
around the tank boss and boomerang interface were not propentyodeled in the
CAD program. Surfaces between the tank boss and boomerangevaot present in
the CAD model, and the boomerang interfered with the tank boss. lie interference
was corrected, but the lack of surfaces between the tank bosslaboomerang could
not be corrected. It was suspected that these errors were smg arti cially low
temperatures in the upper hemisphere, boomerang, and struts.

Table 4.9 shows the results from the study. Reducing the boomerang TCC
reduced the temperature di erence seen from 1l-wire locations #te boomerang

(PRP_053) and upper strut end (PRP054) locations. Since the lower tank hemi-
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Figure 4.21: Locations near the Boomerang where conductancdues
(TCC) were modi ed.

sphere CMF was increased in the previous study (see Sectii6.2.]), the upper
hemisphere of the tank CMF was also increased. This change resdlia a lower
temperature delta from the boomerang (PREO53).

The change in Rev. 45 also impacted behavior in other parts of the ohel.
Slight increases in temperature deltas in the lower portion of the t&n(PRP_072,
PRP_051 and PRPO056) were noted. This increase was due to a greater thermal
resistance in the upper portion of the tank, allowing less heat to owhrough the
boomerang and out of the upper struts. Slightly more heat ow werto the bottom

portion of the tank, slightly increasing temperature there.
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Table 4.9: Boomerang Conductance Study Results

Boomerang Di erence of Model Measured Temp ( C)
Sy Right Left Upper Hemi Liq Belly Button Upper Strut LL Strut Tab Boomerang
TCC ( -5) | TCC ( %) CMF (PRP _072) | Tab (PRP _51) | (PRP _054) (PRP _056) | (PRP _053)
39 150 150 1.0x 2.47 0.471 -0.743 1.298 -2.048
40 100 100 1.0x 2.47 0.471 -0.747 1.298 -1.997
41 20 20 1.0x 2.47 0.471 -0.773 1.298 -1.584
45 20 20 1.5x 2.545 0.575 -0.756 1.365 -1.049




The results for Rev. 45 looked promising, however analyzing the tpera-
ture vs. time trends showed that the model output did not match the behavior of
the test data for the upper strut (PRP_054), as shown in Figure4.22 The tem-
perature calculated by the model|lwhile within a few degrees of the tet data in
magnitude|did not accurately reproduce the trend shown in the test data. A nal

conductance study on the upper struts was completed to addeethis de ciency.
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Figure 4.22: Comparison of temperature-time histories for moddine)
and measurements (symbols) after Revision 45. Predicted tempgire

trends do not match the test data even though the magnitudes dndi er
a few degrees.
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4.6.2.3 Upper Strut End Conductance Study

The nal major conductance study focused on the ends of the ppr struts
at the interface between the strut and the temperature bounds condition set on
the pin (see Figure4.23. The goal was to address the odd behavior seen at the
PRP_054 location on the upper strut (Figure4.22, as well as to continue to improve
the correlation of the model with the test data.

Changes made to the TCC for the contact at the pin for both left ad right
struts were analyzed, as well as the conductance through thewgtas a whole, which

was de ned as a grouped part (see Tabla.1, Appendix A).

Figure 4.23: Locations on the Upper Strut Ends where conductasc
values (TCC) were modi ed.

Table 4.10shows that as the left and right strut TCC is decreased (Rev. 42-
44), the di erence between the model temperature and test datat the upper right
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Table 4.10: Upper Strut End Conductance Study Results

86

Tcgpaﬁelir’ir?tEUtrQ’VTK) Di erence of Model Measured Temp ( C)
Sy Right Left Upper Right | Upper Hemi Liq Upper Strut LL Strut Tab Boomerang

TCC TCC Strut CMF CMF (PRP _072) | (PRP _054) | (PRP _056) | (PRP _053)
42 150 150 1.5x 1.0x 2.374 -2.482 1.315 -2.389
43 100 100 1.5x 1.0x 2.374 -2.951 1.315 -2.401
44 50 50 1.5x 1.0x 2.373 -3.757 1.315 -2.418
46 50 50 2.5% 1.5x 2.447 -3.468 1.302 -2.366
47 100 100 2.5x 1.5x 2.447 -2.686 1.302 -2.33
48 150 150 2.5x 1.5x 2.447 -2.212 1.302 -2.307




strut end location (PRP_054) and boomerang (PREO53) increases. Recall that
\perfect" contact is characterized by large TCC values.

This behavior means less heat is owing through the strut in the modi¢han
in the test. Reviewing photos of the as-built tank revealed that a ettrical harness
was running along the upper right strut of the tank, thus providinga conductive
path for heat to ow out of the tank. To account for this, the right strut conductiv-
ity was increased, and both strut TCC's were gradually returned taheir original
values. At a right strut CMF of 2.5 and TCC's set to their original, the d erence
in temperature at PRP_054 and PRP053 was minimized (Rev. 47-48).

Table 4.10also shows the impacts of these changes on temperatures in other
places on the model. While the belly button tab (PRP051) was una ected by
the changes at the struts, the lower left strut tab location (PRP056) saw a slight
decrease in temperature di erence, while the liquid side location (PRP72) saw a
slight increase. This is because slightly more heat from the bottom paf the tank
is allowed to ow into the top portion of the tank and out through the upper right
strut.

Analyzing the results from the study revealed that the temperate vs. time
behavior shown in the test data at the Upper Strut Location (PRP054) could be
approximated using the con guration arrived at in Rev. 48. This is sbwn in Figure
4.24

While the overall temperature delta between the model output antest data
is higher, the trend of the model temperature-time history is moreonsistent with

the trend shown in the test data than in the other strut (Figure4.22. While the
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Figure 4.24: Comparison of temperature-time histories for moddir(e)
and measurements (symbols) after Revision 48. Predicted temptire
trends better match the test data even though the temperat@w magni-
tude is not in as good agreement as in Revision 45.

model still does not accurately capture the trends during the initiaportion of the
heating, the temperature-time trend matches the overall trendf the test data after
approximately 1000s of simulation time. This result is not perfect, duadequate
in that it appears to capture the major physics of the heat ux thiough the Upper

Right Strut within the stated temperature criteria of +/-3 C.

4.6.2.4 Final Con guration

The accepted thermal contact coe cients and conductivity multidication fac-

tors used for the tank parts analyzed in the conductance studiese summarized
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in Table 4.11 Per the log in Appendix F, additional adjustments and minor re-
nements/corrections were made to the thermal model, resultingn Revision 53a.
This con guration of the model was accepted as the correlated ¢éhmal model. The
results shown in Sectiom.7 were based upon this revision and the values of TCC

and CMF shown in Table4.11

Table 4.11: Final Conductance/Conductivity Con guration

Strut Location TCC ( —52) Location CMF
Upper Right at Pin 150 Upper Hemisphere 1.5x
Upper Left at Pin 150 Lower Hemisphere 2.0x
Lower Right at Tab 20 Upper Right Strut 2.5x
Lower Left at Tab 20 Upper Left Strut 1.0x
Upper Right Baseline Lower Right Strut 2.0x

at Boomerang

Upper Left

Baseline Lower Left Strut 1.0x
at Boomerang

Gas Inlet & Outlet Tube | 1.0x
Axial (Belly Button) Pin 1.0x
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4.7 Final Results

The parameters identi ed in Table 4.11 were used to generate the following
results for each of the seven locations on the propellant tank mddé-igures 4.25
4.31show the test data and model output at each sensor location. Eurbars on the
test data points show the envelope around the test data that indates the +/-3 C
acceptance criterion between measurement and prediction. Cteare organized for

locations on the top to the bottom of the tank.
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4.7.1 Gas Side Results
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Figure 4.25: Comparison of measured (symbols) and predicted (line)
temperature-time histories for the Gas thermistor location (PREO68).

In most areas, the predicted temperature-time history lies within he
acceptance criteria indicated by the “error bars' on the data poist
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Figure 4.26: Comparison of measured (symbols) and predicted (line)
temperature-time histories for the Boomerang location (PR®53). The
predicted temperature-time history lies within the acceptance crria
indicated by the “error bars' on the data points.
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Figure 4.27: Comparison of measured (symbols) and predicted (line)
temperature-time histories for the Upper Right Tank Strut locati;m
(PRP_054). The predicted temperature-time history lies within the ac-
ceptance criteria indicated by the “error bars' on the data points.
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4.7.2 Liquid Side Results
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Figure 4.28: Comparison of measured (symbols) and predicted (line)
temperature-time histories for the Liquid thermistor location (PRP072).
The predicted temperature-time history lies within the acceptanceri-
teria indicated by the “error bars' on the data points.
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MMS TCAP Model
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Figure 4.29: Comparison of measured (symbols) and predicted (line)
temperature-time histories for the Belly Button Tab location (PRP.051).
The predicted temperature-time history lies within the acceptanceri-
teria indicated by the “error bars' on the data points.
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MMS TCAP Model
TVAC Correlation
Lower Left Tank Strut at Tank Tab-PRP_056
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Figure 4.30: Comparison of measured (symbols) and predicted (line)
temperature-time histories for the Lower Left Tank Strut at Tabloca-
tion (PRP _056). The predicted temperature-time history lies within the
acceptance criteria indicated by the “error bars' on the data poist
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MMS TCAP Model
TVAC Correlation
Lower Left Tank Strut by Ring-PRP_057
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Figure 4.31: Comparison of measured (symbols) and predicted (line)
temperature-time histories for the Lower Left Tank Strut by Ringloca-
tion (PRP _057). The predicted temperature-time history lies within the
acceptance criteria indicated by the “error bars' on the data poist
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4.7.3 Discussion

4.7.3.1 Gas Side Correlation Results

The model correlation to all gas side temperature locations was withthe
+/-3 C criterion. However, the gas side model results tended to undereglict the
TVAC test data. Reasons for this under prediction are best undstood by analyzing
the results for the Gas Thermistor location (PRP068) shown in Figure4.25

Predicted temperatures at the Gas Thermistor location (PRED68) are within
the +/-3 C range, but slightly exceeded the limit between 5000-6000s duriniget
model simulation. The peak temperature predicted, as well as tharte of the peak,
was approximately 27 C lower and happened approximately 900s earlier. Simi-
lar to the Gas Thermistor location, the predicted temperatures athe Boomerang
(PRP_053), shown in Figure4.26approached the -3C criterion, particularly at sim-
ulation times between 5000-6500s. Similar results are seen for thgper Right Tank
Strut by Ring (PRP _054), shown in Figure4.27.

Initially, this di erence was thought to be due to an improperly progammed
heater boundary condition, wherein the time at which the heat ux vas removed
in the model's programmed boundary condition did not correspond tihe time the
heater circuit current was removed based upon the test data. Wever, the boundary
condition turned out to be correct.

The slopes of the temperature vs. time curve for the model andstedata were

also analyzed by looking at the results for PR®68 (Fig. 4.25. When calculated
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from the beginning of the temperature riset(= 500s of elapsed simulation time) to
the peak temperature, the model had a slope of approximately% while the
test data had a slope of approximately 119%. Slopes of all curves are lower than
the test data.

The discrepancy in slope and temperature magnitudes of the pretid tem-
peratures as compared to the test data imply that there is less heaix in the
upper hemisphere of the tank. It is thought that this lack of heat ux in the upper
portion of the tank is due to the assumptions used to model the heaix boundary
condition as uniformly distributed.

Per Sections4.3.3and 4.6.2 the heat addition from the heater was uniformly
applied to the upper and lower hemispheres of the tank and the tar&MF was in-
creased to account for the e ects of the tape covering the heat and the tank wall.
These assumptions, while su cient to produce results that matchtie temperature-
time behavior of the data and meet the +/-3 C acceptance criteria, are still approx-
imations of the actual con guration of the tank.

The tape on the real tank, with its conductive adhesive, helps to digbute
the heat from the heaters around the tank, but this distribution isnot completely
uniform. Heat is still localized in places near the heaters, as showrhematically
in Figure 4.32(a) This means that there is a higher local heat ux near the heater
and resulting temperatures at locations nearest the heaters, npaularly the Gas
Thermistor location (PRP_068), will tend to be higher than at locations further
away from the heaters.

The uniformly applied heat ux boundary condition, shown in Figure4.32(b),
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Figure 4.32: lllustrative schematics showing the heat ux from the &ater
covered with tape (left) compared to the uniformly applied heat ux
boundary condition (right). The actual heat distribution from the heater
has a higher, local heat ux (marked A) compared to the uniformly
applied heat ux (marked B).

idealizes this distribution of heat, and does not account for all of #h dynamics
associated with the actual system of heaters and tape that existh the real tank.

The uniformly applied heat ux boundary condition in the model remoes all
variation in applied heat ux magnitude around the model. This meanshat the
heat ux near a heater location will be less than in the real case (séggure 4.32
notations A & B), even though the magnitude of total heat ux apgied to the model
equals that from the heaters on the real tank.

Analyzing the physical layout of the tank, the upper hemisphere Isaonly two
conductive paths (the struts) for heat to ow from the warm tark to the cool strut
interfaces, as compared to the lower hemisphere that has threenductive paths
(two struts and the belly button). This means that when heat ux to the tank

wall is modeled uniformly|which does not capture the a ects of highe localized
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heat ux as caused by patch heaters|less heat ux tends to trawel out through the
upper struts and instead ows toward the lower hemisphere, whichontains more
conductive paths to the colder tank interfaces.

The resulting temperatures at sensor locations and slope of theniperature-
time curve in the upper portion of the model will therefore be lowertan in the actual
tank. The higher localized heat ux in the actual tank causes a largeortion of the
heat ux to ow out of the struts, thus causing higher temperatues to be sensed
by the 1-wire sensors and higher temperature-time slopes.

The dynamics of localized heat on the temperature results were initilpconsid-
ered in the model development and correlation process. As docurtezl in Appendix
F, heat ux was modeled locally from each heater for the rst 26 reviens of the

model. This is depicted schematically in Figurd.33

Applied Heat Flux
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Figure 4.33: lllustrative schematic of the heat distribution initially ap-
plied to the heaters for the rst 26 revisions of the model. Heat adtion
is only present at the heater location.

In all 26 revisions, temperature predictions at the upper and lowenemi-
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spheres|particularly at PRP _068 and PRPO72|were much greater (5-8 C) than
the test data. This was because all heat applied to the model was é&bzed, and
did not account for any distribution of heat caused by the tape. Madeling the heat
ux boundary condition as discussed in Sectiod.3.3was done to better match the
e ect of the tape tending to distribute the heat from the heaters Further improving
how the heat addition and its interaction with the tape is modeled is thsubject of

future work (see Sectiorb.3).

4.7.3.2 Liquid Side Correlation Results

The model predictions for temperature in the liquid side of the tankijke the
gas side predictions, were all within the +/- 3C criterion. The thermal model
tended to over-predict the temperature results at each locatigmith the exception
of the Lower Left Tank Strut at the Tank Tab (PRP_056) and Lower Left Tank
Strut by Ring (PRP _057), which approximated the test data almost exactly.

Over-predictions stayed within the acceptance criterion, and teperature deriva-
tives of the model results remained closer to those in the test datkor example, the
slope of the predicted Liquid Thermistor (PRRP072) temperatures, shown in Figure
4.28 was approximately 016#, whereas the test data had a slope of approximately
0:15% when calculated from the beginning of the temperature risd & 500s of
elapsed simulation time) to the peak temperature. Figurd.28also shows a slight

drop in predicted temperature at the last time step, meaning the nael is begin-

ning to show the e ect of the heaters being turned o. This behavig like the Gas

114



Thermistor (PRP_068), happens in the model prior to when test data shows the
reduction in temperature.

The model predictions of temperature at the Tank Belly Button Tab(PRP _051),
as shown in Figure4.29 were initially higher than the model, and then gradually
converged near the test data toward the end of the simulation.

Model predictions on the Lower Left Strut, both at the tab and atthe Ring
(PRP_056 and PRPO057, respectively) showed good agreement with the test data.
Predictions at both locations precisely matched the slope and ovéir&rend of the
temperature vs. time curves measured by the test data.

The slightly higher temperature predictions in the liquid side temperatre
locations can in part be explained as an extension of the di erencegtiveen how
heat ux from the heaters is modeled compared to the real tank €& discussion
of Gas Side Correlation results in Sectiod.7.3.]). More heat ux from the upper
hemisphere of the tank is moving toward the lower hemisphere sindeete are more
conductive paths for the heat to travel out of. The greater pdion of heat ux
causes temperatures to be slightly higher.

Overall, the model predictions meet the acceptance criterion, inditing that

the model is adequately prediction temperature-time histories orhé tank.

4.8 Uncertainty Analysis

The temperature results predicted by the thermal model are dren by the

knowledge of three main parameters: the heat ux applied to the t& via heaters,
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the mass of the tank and all parts integrated on it, and the tempeature boundary
conditions speci ed at each of the strut and axial pin interfaces. @ uncertainty
analysis is performed to quantify and understand the impacts of efa of these on

the temperatures predicted by the model.

4.8.1 Analysis Cases

4.8.1.1 Heater Power

Uncertainty in the heat ux applied to the model exists due to uncerinties in
the measured resistance of the heaters and the current mea=iiby the Command
and Data Handling (C&DH) computer on the spacecraft. Both the ncertainty
of the measured resistance of the heaters and of the currentpéipd to the heater
circuits will impact the overall uncertainty in the heat applied to the tank.

The tank has one heater circuit that is composed of gas and liquid Hea
circuits that are in parallel with each other. The uncertainty in heaér power going
into the gas side heaters can be found as follows. Note that the sameasoning is
applied to the liquid side heaters. Using Ohm's Law, the amount of heatix ( %)

from the gas heater can be written as:

_ (iRy?
R A

(4.23)

Where:

Qy: Heat ux into gas side if tank
ic. Current in full heater circuit

R.: Resistance of full heater circuit
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Ry: Resistance of gas heater circuit
A: Surface area of hemisphere

The total equivalent resistance of the heater circuit is given by Eg4.24 which
is composed of the equivalent resistance of the heaters in each idinal gasRy and

liquid Ry circuit.

Re= ——=— 4.24
T RLTE. (4.24)

Combining Egs. 4.234.24yields:
IERoR (4.25)

BT R RyA
Equation 4.25is the data reduction equation for the heat ux going into the
tank as supplied by the gas heater circuit. The heat ux going into tk gas heaters is
a function of the total circuit current and the equivalent resistages of the separate
gas and liquid heater circuits. It is also a function of area; howeveahe uncertainty
in this quantity will be taken as zero, as the heaters are manufaated with nearly
identical dimensions.
The uncertainty in heater power from the gas-side heaters can le@pressed
as the root-sum-square of the product of the partial derivatige of each measured

parameters with the uncertainty of that measured parameter witin Eq. 4.25
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Following the method outlined by Coleman and Steel&4], this expression can

be written as:

b i i i i
Up_F ic@8° U ®, Re@a % U L R Un t g
o} 0y @4 ic oy @R Ry y @R RL
Where:

l;_;: Uncertainty in gas side heat ux, g,
Ui.: Uncertainty in full circuit current
Ur,: Uncertainty in equivalent gas circuit resistance
Ug, : Uncertainty in equivalent liquid circuit resistance
Taking the partial derivatives, substituting Eq. 4.25 and carrying out the

necessary algebra, Eg4.26then becomes:

g Y’ RLRg " Up 2R, Ur, 2

+

2

o<

Yg _

(4.27)

The uncertainty in the full circuit current, U;_, in Eq. 4.26is the measurement
error in the current from the C&DH computer and is the sum of the dll scale
measurement error and the bit conversion error (Eg4.28. This value was found
to be Q041A.

U = 2%F S + en (4.28)

The uncertainties in the equivalent gas and liquid circuit resistancesPg, and
Ug, , respectively|in Eq. 4.27 are a function of the total measurement error from
resistance readings made by an Ohmmeter during integration of éamdividual
heater onto the tank. Both were assumed equal since the samen@heter was used

to measure the resistance of each heater on the tank.
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These quantities are calculated via Eq4.29

Ur, = U, = 5 — (4.29)

RWfSt

Where:
N =7: Number of heaters in the speci ¢ gas/liquid circuit

Rwrst = 2:5: Worst-case resistance measurement accuracy of the Ohmtae

Equations4.274.29were applied to the gas and liquid side heat ux (Eq4.25
using the nominal values of resistance. The circuit currentg, in Eq. 4.27was taken
as the average current measured over the entire time period oktlbver-temperature
thermostat test. The resulting uncertainty in gas and liquid side hdgauxes was
found to be 9.6%. This uncertainty was applied to the nominal heat x calculated
for each heater circuit, forming a Q+ and Q- heat ux cases. Thedeounding values
of heat ux were programmed into ANSYS and the solution re-calcutad. Results

are shown in Sectiord4.8.2

4.8.1.2 Tank Mass

Uncertainty in the mass of the tank and all of the parts integratecn it was
calculated based on the accuracy of the load cell used to measune mass of the
tank during installation. Mass uncertainty factors into the overallheat capacitance
of the system and ultimately how the tank responds to the thermdbads applied
to it.

The load cell used during the installation of each propellant tank had mea-
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surement error that resulted in a +/- 1.1Xg uncertainty on the propellant tank
mass measurement. The total mass of the model was proportitlgancreased and
decreased by this value, with temperature solutions generated fach case. Results

are shown in Sectior4.8.2

4.8.1.3 Temperature Boundary Conditions

Uncertainty also exists in the temperatures used to de ne the badary con-
ditions at the tanks interfaces to the rest of the spacecraft. Irght, there will be
limited temperature telemetry at the tank interfaces to the rest bthe spacecratft,
leading to large uncertainties as to the overall thermal behavior dhe tank strut
interfaces.

Uncertainties in the assigned temperature boundary conditions veeanalyzed
by modifying the nominal assigned boundary temperatures (see pgndix B) by +/-
10 C. The thermal model was run for each case, and results are simoim Section

4.8.2

4.8.2 Uncertainty Analysis Results

Tables4.124.14and Figures4.35and 4.34show the e ects of the uncertainty
of each case on the temperatures predicted by the model. For Yitg, these ta-
bles show the di erence in temperatures of each uncertainty caf®em the nominal
temperature predicted by the model ( T,om). The tables also show the percent

deviation from the nominal temperature, and the sensitivity coe dent, C;. The
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sensitivity coe cient is de ned as the ratio of T,on to the di erence of the param-
eter being studied from its nominal value, P,om (i.e. Q©  Qpom). This is shown

by Eq. 4.3Q

C.= _ lnom (4.30)

Pnom

Temperatures were taken at the second to last time step for theas (PRP.068) and

Liquid (PRP _072) sensor locations, and at the last time step for all other locatis.

Table 4.12: Heater Power Uncertainty Study Results

Q+ Q - Percent
( Tnom) ( Tnom) Deviation

Gas (PRP.068)| 1.102 | 1.000 2517 | 0.582

Boomerang (PRP053)| 0.799 | 0.764 1.954 | 0.422
Upper Strut (PRP_054)| 0.033 | 0.035 0.094 | 0.017

Lig (PRP.072)| 1.515 | 1.821 3.018 | 0.799

Belly Button Tab (PRP .051)| 0.728 | 0.777 1.821 | 0.384
LL Strut Tab (PRP .056) | 0.416 | 0.442 1.143 | 0.220

LL Strut by Ring (PRP _057)| 0.02 0.019 0.064 | 0.011

Location Cs
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Table 4.13: Tank Mass Uncertainty Study Results

Location M+ M - Percent C
( Thom) | ( Thom) | Deviation s
Gas (PRP.068)| 0.601 0.648 1.373 0.573
Boomerang (PRP053) | 0.506 0.552 1.238 0.488
Upper Strut (PRP 054)| 0.045 | 0.054 0.128 | 0.048
Liq (PRP_ 072)| 0.829 | 0.888 1651 |0.786
Belly Button Tab (PRP 051)| 0.475 | 0.533 1.188 | 0.472
LL Strut Tab (PRP _056)| 0.354 0.413 0.973 0.365
LL Strut by Ring (PRP _057)| 0.028 0.035 0.090 0.031

Table 4.14: Temperature Boundary Condition Uncertainty Study Rsults

T+

T-

Percent

Location ( Toom) | ( Toom) | Deviation | ©
Gas (PRP.068)| 0.789 0.3 1.802 0.079
Boomerang (PRP053) | 0.975 0.7 2.385 0.098
Upper Strut (PRP_054) | 5.055 5.114 14.400 | 0.506
Lig (PRP_072)| 0.335 0.7 0.667 0.034
Belly Button Tab (PRP .051) | 3.182 3.25 7.961 |0.318
LL Strut Tab (PRP _056)| 1.036 1.071 2.846 0.104
LL Strut by Ring (PRP _057)| 7.468 7.53 24.046 | 0.747
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Sensitivity Coefficient

Sensitivty Coefficients for Uncertainty in Heater Power, Mass and
Temperature BC for Each Sensor Location
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(PRP_051) (PRP_057)

Location on Tank

Figure 4.34: The chart shows the sensitivity coe cient,Cs, of each pa-
rameter studied at each sensor location on the tank. Results ateh
mayjority of sensor locations are sensitive to uncertainties in applidteat

ux and mass. Sensors located nearest the tank interfaces shgveater

sensitivity to uncertainties in applied Temperature BC.
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Effect of Uncertainty in Heater Power, Mass & Temperature BCon
Results at Each Sensor Location
30
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Gas Boomerang Upper Strut Liq (PRP_072) Belly Button LLStrutTab  LL Strut by
(PRP_068)  (PRP_053)  (PRP_054) Tab (PRP_056) Ring
(PRP_051) (PRP_057)

Location on Tank

Figure 4.35: The chart shows the percent deviation of each paratee
studied at each sensor location on the tank. The percent deviatiaue
to uncertainties in Temperature BC applied to the tank interfaces i@
very large at locations near those interfaces (i.e. PR857).

4.8.3 Discussion

The uncertainty analysis shows that uncertainties in all three paraeters|applied
heat ux, mass, and temperature boundary condition|impact the temperature pre-
dictions of the model, but in di erent ways.

Figure 4.34 shows the sensitivity coe cients at each sensor location on the
tank. The chart shows that the temperature predictions at the rajority of the
locations, particularly a locations away from strut interfaces, arsensitive to un-

certainties in applied heat ux and mass. This is shown by the larg€s at these
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locations, particularly at the Gas (PRP.068) and Liquid (PRP_072) Thermistor lo-
cations. Temperature predictions at these locations are not pactlarly sensitive to
uncertainties in the magnitude of the temperature boundary contbon.

Model predictions near the strut interfaces, however, show a g sensitivity
to uncertainties in temperature boundary condition, particularly @the Upper Strut
(PRP_054) and Lower Left Strut (PRP-057) locations.

The results shown in Figure4.34 imply that the greatest variability in pre-
dicted temperatures will occur at locations away from the strut intrfaces due to
uncertainties in applied heat ux and mass, and at locations near th&trut interfaces
due to uncertainties in temperature boundary condition.

When the percent deviation at each location is plotted (Figurd.35, however,
it can be seen that the greatest variability in predicted temperatues occur not due
to uncertainties in heat ux or mass, but due to uncertainties in apfed temperature
boundary conditions at the strut interfaces.

Uncertainties in heat ux and mass have a relatively small e ect on pdicted
temperatures, despite having larger sensitive coe cients, as sk in Figure 4.35
Analyzing the e ects at the Gas and Liquid Thermistor locations showhat a change
in heater power of 10% translates to a temperature change at #e locations of
approximately 1 C at PRP_068 and 18 C at PRP_072.

An uncertainty in mass from the load cell a ects predicted temperares by
a maximum of approximately +/- 0:9 C per kilogram of mass uncertainty. Both
uncertainties in heat ux and mass a ect temperatures predictedat all sensor lo-

cations to within the same order of magnitude. This contrasts withhe e ect of
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uncertainties in temperature boundary conditions.

Uncertainties in the speci ed value of the temperature boundaryanditions
were found to signi cantly impact the predicted temperatures, pdicularly of the
Upper and Lower Struts and Belly Button Tab (Fig. 4.35. The drastic e ects
of temperature at the tank interfaces makes sense becauseréhes a much higher
magnitude of heat ux induced when the temperature di erence beveen the strut
end and speci ed boundary condition is greater.

A high uncertainty in temperature boundary conditions will mean themodel
will not accurately predict the temperatures at locations near thee boundary con-
ditions. However, Table4.14shows that the model will still provide reasonably good
temperature predictions at locations away from the strut interfaes, such as at the
gas and liquid sensor locations.

The overall e ect of these uncertainties on the future predictios of mass will
still need to be quanti ed, as data does not yet exist to make compigons to char-

acterize these e ects. This will be the subject of future work.
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Chapter 5: Phase Ill: Using the Thermal Model to Estimate EOL

Propellant Load

While beyond the scope of this thesis, it is worth explaining how the calated

thermal model will be used to estimate propellant load aboard the MBI spacecratft.

5.1 Part A: Model Re nements Using Commissioning Data

The Phase Il correlated thermal model will be re ned and calibrai@ using
ight data from the MMS spacecraft that were acquired when the ppellant tanks
were fully loaded. This is expected to be necessary because theppiant mass
contained within the tanks will limit the thermal gradients on the propellant tank
(see Section2.1). This step is important for improving the model's accuracy and

suitability for prediction of EOL propellant loads.

5.2 Part B: Mid-Mission Orbit Change Propellant Gauging

Halfway through the mission in the 2017 time frame, a series of thites burns
will be performed to change the orbit of the MMS constellation so thahe MMS

constellation passes through the magnetotail region of the madasphere. This
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mid-mission orbit change will deplete approximately half of the propelid. Prior to
and after this burn, the calibrated propellant gauging model will be sed to estimate
the propellant within the tanks. Flight data from this period will also beused to
make further re nements to the model.

Propellant load predicted using the TCM, bookkeeping, and PVT meitbds
will be compared. Since approximately half of the propellant will be canmed, the
accuracy of the bookkeeping and PVT methods should still be relagly high and
provide a good reference for the TCM method. However, it is impait to keep in
mind that the accuracy of the TCM should still be relatively low in compéson to
the other methods, but nevertheless improved from the estimatis made in Part A
since the mass of propellant remaining in the tank will be lower, leading tlarger

and thus easier to measure thermal gradients on the tank wall.

5.3 Part C: End of Life Propellant Gauging

After both Parts A & B are completed, the model will be ready to prdict
the EOL propellant load on the MMS spacecraft. At this point in the mision, the
accuracy of the TCM gauging will be approaching a maximum since thenaunt of
mass within the propellant tank is at a minimum, meaning that a large pdion of the
heat is being stored in the tank wall, rather than in the propellant. Leger thermal
gradients will exist on the tank, therefore increasing the slope ohé¢ temperature
vs. time curve.

EOL propellant estimates will again be compared with both bookkeepgnand
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PVT methods. In addition, the estimates made previously in Parts A & will be
used to analyze trends in propellant estimation throughout the lifefdhe spacecratft.
This means that an overall higher accuracy EOL propellant estimatiomay be made

by reducing uncertainty with the TCM estimate and model.

5.4 Approximate Time Line

Parts A-C described previously will take place over a time frame of ppoxi-
mately 1-1.5 years. This time period is primarily driven by the MMS missiottife
and operations. Figures.1shows an estimated time line of when each part of Phase
[ will occur. The approximate time frames for when the mid-cours correction will

occur and EOL period of the mission are shown.

2016 2017 2018
| ]
| ' | !
I I I )
| End of Phase 11 |Phase 111, Part A | Phase 11, Part B | Phase 11, Part C
| Approx, Mid-Course | | Approx, EOL

Figure 5.1: Phase Il will approximately coincide with major parts of
the MMS mission.
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Chapter 6: Conclusion, Issues, Lessons Learned & Future \Wor

6.1 Thesis Conclusion

The objective of this thesis is to develop and correlate a thermal rdel of the
MMS propellant tank that is capable of predicting temperature-timehistories, and
can be used to make future predictions of propellant load as discedsin Chapter
5. The results presented in Sectio®.7 show that the thermal model developed
and correlated for this project was able to predict temperaturewithin +/- 3 C of
thermal vacuum test data at each sensor location, meeting the aetance criteria
de ned in Section 1.4 Therefore, the model is su cient to be used to make future
predictions of propellant load within the MMS spacecraft as descridan Phase llI,
meeting the objective of this thesis.

The predictions of temperatures made by the thermal model oné#gas portion
of the tank were lower than the test data, and temperature prections on the
liquid portion of the tank were higher than the test data. The undeipredicted
temperatures are thought to be caused by less heat ux in the ugp portion of the
tank, and greater heat ux in the lower portion of the tank.

The model was also found to be relatively sensitive to uncertainties ap-

plied heat ux and overall mass. An uncertainty of 10% in heat ux tranlated to
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approximately 1-2 C di erences in temperatures located nearest the applied heat
ux boundary condition, speci cally at the gas (PRP_068) and liquid (PRP.072)
locations. The model showed a dierence in predicted temperatigeof approxi-
mately 0:9 C for 1kg of uncertainty in total tank mass. Temperature predictions
near locations of assigned temperature boundary conditions wegeeatly impacted
by uncertainties in the speci ed temperature. The model greatly nder or over pre-
dicted temperatures at locations on the strut ends and belly butto tab when the
assigned temperature boundary condition value was changed. Hwmer, tempera-
ture predictions at locations away from the strut ends and tabs we only slightly

a ected.

Though the model was able to be correlated within the de ned tempature
tolerance, a number of issues remain. The high delity of the CAD maa and com-
plexity of ANSYS made it di cult to simplify and correlate the model. Limit ations
in controlling the conductivity of grouped parts also hindered the aoelation pro-
cess. Finally, the cause of the discrepancy in temperature slopestvieen the model
output and test data on the gas side of the tank need further ingéigation, and

better methods of applying conductances to the model need to beplemented.
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6.2 Issues & Lessons Learned

6.2.1 Issues

6.2.1.1 Complexity of the Model

The ANSYS software is a powerful tool that is capable of modeling ¢h nest
details of systems. This allows for highly accurate predictive models be generated.
The ability of ANSYS to account for large levels of detail lead to the gpoach
taken in Phase I, which was to directly import the fully detailed CAD moe! of the
Flight Tank into ANSYS. The thinking was that including every part of the tank
would produce an accurate model which, in turn, would lead to accate propellant
estimations.

The \costs" of this approach are the need to know the details of ewy facet
of the system being modeled, and an extremely complex mesh andralleANSYS
thermal model. The e ects of this were felt primarily in the correlation phase of the
project where the model was adjusted to match actual test dat These challenges
did not appear as readily in Phase I, which relied on other thermal mets for
veri cation. The main problems were with the solid body contacts andhe overall
solve time.

Even after de-featuring the model as much as possible, the resuif solid
model still had a relatively high level of detail. The struts, for examige, were
reduced from approximately 15 parts (totaling in 14 contact pairsjo four parts.

These four parts still required contact information for each of th three contact pairs
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that made up the strut assembly. The detailed information on theseontacts was
not known during MMS integration. Furthermore, money and time didnot exist to
conduct the tests required to determine what the actual condtence was at each
contact pair. This problem is recognized by thermal analysts, andence modifying
the thermal conductance within a part/assembly is used to accotifior all of the
inherent unknown factors within a system to correlate models to $¢ data.

The analysis method of modifying thermal conductance of parts waapplied
to this project. However, these e orts were hindered by the leVef detail needed
by ANSYS. While ANSYS does allow parts to share a mesh, which e ecély turns
multiple parts into one continuous part, this method was found to h& problems
with modeling heat transfer. Initial modeling e orts using the built-in controls
for sharing meshes produced results that showed that heat wastrbeing properly
transferred between parts that supposedly shared a mesh. Mple attempts to
solve this problem with the model were attempted, but with no suces.

The method of grouping parts using bonded contacts and nding #rmal
properties based upon the mass fraction (see Secti2.3.2 was used to overcome
the issues with shared-meshes. This resulted in its own challengeamely losing
the ability to control the conductance of the grouped part diredy, which led to
modifying the grouped part conductivity (see Sectio.2.3.9. This solution was

not ideal, and made the correlation process even more complicated.
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6.2.1.2 Solve Time

The detail present in the ANSYS model directly impacted the compléy of
the mesh required, which in turn impacted the solve time of the modeEven after
removing small parts like bolts and washers, the tank mesh contathéhousands of
nodes. Multiple iterations to reduce the mesh size without impactinguglity were
done prior to the rst correlation process revision. Success was lted because the
imported geometry of the tank itself, with its complicated, non-symmetric shapes,
and thin parts, required a non-uniform mesh to be generated. Namiform meshes
drastically increase the number of nodes required to resolve detailghich is ad-
vantageous for meshing complex geometries like the solid model oé ttank used
in this project. However, this same geometry means that squareeshes, which are
primarily uniform and contain far fewer nodes, are not able to be utiled since they
cannot capture the details of more geometrically complex shapes.

The complex shapes contained in the detailed solid model of the tankeant
that non-uniform meshing had to be utilized on the majority of parts therefore
increasing the number of nodes in the system. E orts to reduce ¢hmesh complexity
were limited, since thermal error (see SectioA.5.2 and Appendix E) would tend
to greatly increase throughout the model, causing thermal und&noot, inaccurate
heat ux modeling, and myriad of other problems.

The complex geometry and corresponding mesh ultimately meant thée
solve time of the model was long. Using the base-mesh (see Sedlidn?), each run

took approximately 45 minutes to completely solve. For comparisothe entire MMS

134



spacecraft thermal model, which was developed by the MMS TherinGubsystem
Team using Thermal Desktop, took approximately half the time to dee. The
Thermal Desktop model had greatly reduced geometric complexitallowing for a
much more basic mesh to be utilized, which in turn allowed for a much ster solve
time. The Thermal Team was able to successfully correlate the sgacaft thermal

model B9.

6.2.2 Lessons Learned

The following are the main lessons learned from the correlation of thMS
tank thermal model. These are based on the above section, as vadl from the

process of completing this project.

Reduce the complexity of the solid model

Reducing the complexity of the solid model directly results in a less cqiit
cated correlation process, and faster solve times by requiring adesomplex mesh.
Changes to the models conductance values and the impacts thosgéon the model
response can therefore be seen more clearly and faster, sindgestimes are less.
More control can be achieved by adding complexity, rather than wking backwards

to reduce complexity, only to have to re-introduce it later.

Understand how the software queries results from the solid m odel

Temperatures in the ANSYS model were ultimately queried by de ninga

patch area and taking an area-weighted average of the results tirat patch (see

135



Section4.5.3. Initially, this was not done. For about half of the correlation proess,
temperatures were returned from relatively large selected areat the time, it was
thought that the Temperature Probe tool in ANSYS, which returrs temperature
results from selected points, lines, areas and bodies, was averggmodal results
on a selected entity. However, it was discovered that the Probe @breturns the
maximum temperature from a face (see Revision 33, Appendi).

For most locations on the model (like PRPO68), this was not a problem, since
the selected area was small, and the temperature gradient acrdse area was also
small. However, this was not the case on larger selected areas,hsas the belly
button tab (PRP _051). As shown in Figure6.1, the area originally selected for this
area was large, along with the resulting temperature gradient.

The results originally queried from the selected area at PRB51 were returning
the maximum temperature value, which was both located farther &dm the actual
location of the 1-wire sensor, and had a much higher temperaturea to the large
thermal gradient.

Once this error was discovered, all temperature query location®ie changed
to smaller areas and a script was written to query temperatures img an area-
weighted average (see Appendi®). This algorithm accounts for the small temper-
ature gradient on the smaller area. This change improved the ovdlraccuracy of

the returned results.

Document changes to model and corresponding results in one p lace
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(a) Query Areas

(b) Temperature Gradient

Figure 6.1: The area initially selected (Fig.6.1(a)) to query tempera-
ture results was large and therefore the temperature gradientgsent on
the surface skewed results (Fig6.1(b)). Once the area was revised to
coorespond with the as-built 1-wire location, temperature resulteere
more inline with measured data.

While each change made to the thermal model was recorded (seepApdix
F), the original change log could have been organized in a more e ciemanner.
The correlation process involved making a speci ¢ change, runninge model, and
then analyzing the results to see how the change impacted the hdednsfer and
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temperatures within the model. This analysis was primarily completedybplotting

the results in Excel. While this method was useful, it did not easily allow fo
cumulative trends to be seen from run to run. Graphs from previauruns could
be viewed, but this did not allow for the e ects of changes at other kations to be

easily compared to the results at all locations and from previous it&ions.

6.3 Future Work

Implement an iterative method to correlate model.

The correlation process presented in Sectigh6 primarily relied on the ana-
lyst's understanding the heat transfer physics of the problem, a@nobserving how
the system changed with di ering inputs of TCC and CMF. While this mehod was
su cient for this problem and is an acceptable practice for an engirexing analysis
of this kind with limited input variables, a more robust method and appoach using
a numerical optimization scheme should be used in the future to cetate the model.

The goal of this iterative scheme would be to minimize the error betea the
temperature predicted by the thermal model and the temperate from the test
data at a given location on the model. This would be accomplished by médng
a set of control variables. In this case, the control variables wiglibe the thermal
resistances (e ectively TCC or CMF for this problem) at di erent locations around
the tank.

This error can be de ned in di erent ways. One way to de ne the eror is the

di erence between the predicted temperatureT,,, and the temperature measured
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during the TVAC test, Tes, taken at the last time step in the simulation and

normalized by Tiest (teng). This de nition is shown in Eq. 6.1

— Tm (Rl; RZ; “h Rj ;tend) Ttest (tend)

Ttest (tend) (6 1)

The predicted temperature, T,,, in Eq. 6.1 is a function of each thermal
resistance de ned in the model. This value would be found by solving ¢hthermal
model for each given value oR;.

One technique that could be employed to minimize the error, is Newton's
method. For the 1-dimensional case, the appropriate value Bi.; that minimizes

the error, , can be determined using the following relatior3p):

(Rk)
qRk)

Ri+1 = Ry (6.2)

In Eq. 6.2 Ry is the current estimate of the thermal resistance that minimizes
error, and {Ry) is the derivative of the error function de ned with respect toRy.
To apply Newton's method to account for multiple input parametersRy, Eq. 6.2
can be generalized for the n-dimensional case by replacing the dative with the

Jacobian [B7], which can be expressed as:

0 _ @i

whereE; is the i element in the error function array of n-dimensions, ani; is the
j™ element of the thermal resistance parameter array of n-dimens&® The partial
derivatives in the Jacobian can be approximated using a numerical ite di erence

scheme, such as a rst order forward di erence.
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In the project described herein, Newton's method would be applied tnd
the set of thermal resistancesRy, that minimized the error between the calculated
temperature and measured temperature at a given location on tmeodel. Since the
de nition of error in Eq. 6.1is dependent upon a solution to a complex physical
system (i.e. the tank thermal model), instead of nding where theunction, (Ry),
was zero, a convergence criteriorC, based on the model's acceptance criterion
of +/- 3 C may be used. Equation6.2 is modi ed as follows to account for the

convergence criterion:

Ca (Rkj )

+ R
E9 (R ) “

Rk+1j = (64)

]

The analyst would provide an initial guess of the thermal resistancat each
location on the tank, solve the model, compute the Jacobian and ers at each
location of interest, and then calculate the predicted resistandgy.; using Eq. 6.4.
The values ofRy+; would then serve as the initial guess for the next iteration. This
process would be repeated until the convergence criterio@,, is met. Figure 6.2
shows an illustrative example of this process for the rst few itera&ins.

This iterative method, while straight forward in concept, is complicatd by the
fact that the problem is unsteady. The Jacobian is a function of timeand would
likely require its own iteration process to calculate at each time steplhe thermal
system modeled, despite its numerous simpli cations using the TCC drnCMF, is
complex in nature, and such an iterative solution method may have eergence

problems or yield Rx values that are unrealistic. Despite these drawbacks and

challenges, an iterative method of this nature is worth investigatingpr use in future
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Error, €

Réo R 1\ \\__

Thermal Resistance, R

Figure 6.2: lllustration of Newton's method where error, is minimized
to the convergence criterionC,, for di erent parameters of thermal re-
sistance,R.

Phases of this project.

Further re ne the heat ux boundary condition to improve tem per-
ature predictions throughout the model, particularly in th e upper
hemisphere.

The temperature predictions for the Gas Side of the propellant t&nwere
shown to be within tolerance, but under-predicted the test datasge Sectior.7).
This under-prediction was stated to likely be caused by how the heaix from the
heaters and interaction with the tape was modeled. Further re maents to how
local heat ux from the heaters and how it is distributed by the tapeshould be
made to correct this lack of localized heat ux in the tank. These renements can

include further conductivity studies with the tank CMF.
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Start Phase Il of project

Phase Ill of the project, which involves the validation of the modelsing
ight data, is the next major task to be completed. In this Phase, he model
will be compared to ight data, and correlated to match the curreh state of the
tank system within the tank. Phase Il also will also perform the initid propellant
gauging predictions of the propellant remaining in the propulsion syst. These
predications can be compared to both bookkeeping and PVT methetb bound the
results. Initial estimations on uncertainty in the TCM propellant gawging will also

be addressed. See Chaptérfor more details.

Address model complexity by switching to Thermal Desktop Im ple-

mentation

The complexity of the solid CAD model of the tank, and the resulting @am-
plexities that resulted in the ANSYS program itself should be addresd for future
implementations of this project. One method to address this wouldebto switch
the analysis software from ANSYS to Thermal Desktop. Thermaleafktop allows
for basic and even complex geometries to be imported and modeletialso allows
for better control over specifying thermal conductance betwa parts. This will
help reduce some of the issues discussed in SecBdhl.] speci cally the need for

forming of grouped parts.

Add more of the spacecraft structure to account for uncertai nties in

tank temperature boundary conditions
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The current thermal model of the propellant tank does not includéhe details
of the surrounding spacecraft structure (see Sectigh2.2. This simpli cation was
made since there were ample 1-wire sensors at key locations arothedtank during
the TVAC test that allowed for temperature knowledge of the tankinterfaces to
be known. These 1-wire sensors, however, do not return telemyetn ight, and
therefore the temperatures at the strut ends will not be knowntahe same delity
as during the TVAC test. Results from the initial model validations dme in Phase
11 will help determine how much more of the structure surroundinghe spacecraft
will need to be modeled to fully capture the thermal boundary conditns around

the propellant tank.

Analyze impact of convection within uid of tank during Phas e I

The current thermal model assumed that convection within the gainside of
the tank did not play a major role in the heat transfer of the tank sgtem during
the thermal vacuum test (see Sectiort.2.2. While this assumption is justi ed
for this model con guration, the propellant tank on orbit is lled with both liquid
propellant and pressurant gas. The two are separated by the dia@gm. An analysis
at the beginning of Phase Il should be completed to determine thetent to which
convection plays a role in both the uid and gas within the tank systenon orbit,

and how this impacts the overall heat transfer of the system.

143



Chapter 7: Acknowledgements

The author would like to thank and acknowledge the following individualg/ho
provided invaluable time, experience and guidance such that this gext could be

completed.

Dr. Christopher Cadou , Department of Aerospace Engineering, University

of Maryland (Advisor & Committee Chair)

Dr. Eric Cardi , Code 597 Propulsion Branch, Goddard Space Flight Center

(NASA Advisor)

Dr. Raymond Sedwick , Department of Aerospace Engineering, University

of Maryland (Committee Member)

Dr. Bao Yang , Department of Mechanical Engineering, University of Mary-

land (Committee Member)
Sunil Acharya , Mallett Technologies

Chris Anders , Code 540 Mechanical Systems Division, Goddard Space Flight

Center

Mike Commons , Code 545 Thermal Branch, Goddard Space Flight Center

144



Eric Grob , Code 545 Thermal Branch, Goddard Space Flight Center

Jong Kim , Code 545 Thermal Branch, Goddard Space Flight Center

Paul Mason , Code 591 Attitude Control Systems Engineering Branch, God-

dard Space Flight Center

Joe Miller , Code 597 Propulsion Branch, Goddard Space Flight Center

Mike Rife , Mallett Technologies

Jason Solimani , Code 545 Thermal Branch, Goddard Space Flight Center

Eric Stoneking , Code 591 Guidance, Navigation and Control Systems Branch,

Goddard Space Flight Center

Dewey Willis , Code 597 Propulsion Branch, Goddard Space Flight Center

Kurt Wolko , Code 597 Propulsion Branch, Goddard Space Flight Center

145



Appendix A: Material Properties

146



LYT

Table A.1: StrutCombo Material Properties

Mass Thermal Speci c Heat | Density
Strutcombo 17-4 Rho Fraction | Conductivity (%) (ng_K) (%) Source
17-4 PH: Pin| 0.21 10.46 460.5 N/A [39]
6-4 Ti: Tab Itfc 0.24 7.2 55432 N/A [39
6-4 Ti: Clevis 0.22 7.2 55432 N/A [39
3-2.5 Ti: Strut 0.34 7.27 55432 N/A [40]
Mix: 7.91 534.66 Various
Strutcombo 17-4
Rho Kmult 2x 15.82 534.66 5156.22
Strutcombo RhoMod 7.91 534.66 5866
Strutcombo RhoMod 15.82 534 66 5366
Kmult 2x
Strutcombo Upper
RhoMod 7.9 534.66 5646.3
Strutcombo Upper
RhoMod Kmult 2.5x 19.75 534.66 5646.3

2Average value of speci ¢ heat used for T=7-12C
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Table A.2: TankTiCombo Material Properties

Thermal . .
. . S Heat
TankTiCombo FMa§s Conductivity pect JC ea Del?gsny Source
raction (w (r) (73)
Aluminum Tape, Aluminum
1145-H19 Foil 0.13 225 904 2700 [41]
6-4 Titanium | 0.78 7.23 554.14 4428.78| [39
Diaphragm, EPDM/EPR
mix (General) 0.09 0.25 2400 870 [42], [43
Mix: 34.69 763.47 Various
TankTiCombo Upper
DeltaDistroRhoMod 52.13 763.5 6570
Kmult 1.5x
TankTiCombo Lower
DeltaDistroRhoMod 69.5 763.5 7246.7

Kmult 2x
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Table A.3: Kapton Material Properties

Thermal . .
Conductivity Spec JC Heat | Density Source
(i) (2%)
Gt S
m
Kapton Tape 0.12 1090 1420 | [44
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Table A.4: 6-4 Ti Material Properties

6-4 Titanium 6-4 Titanium 6-4 Titanium Boom
Rhomod Kmult 2x RhoMod
Temperature Thermal Speci ¢ Heat | Density Thermal Density | Speci ¢ Heat | Density
(C) Conductivity (W/mK) () (k) | SOU"C®| Conductivity (1) | (49) () (9)
22 7.25 552.66 4428.78| [39 14.21 6040.02 552.66 7345.7
23 7.25 552.66 4428.78 14.51 6040.02 552.66 7345.7
35 7.33 552.66 4428.78 14.67 6040.02 552.66 7345.7
50 7.41 552.66 4428.78 14.82 6040.02 552.66 7345.7
60 7.46 552.66 4428.78 14.91 6040.02 552.66 7345.7
70 7.5 552.66 4428.78 15.01 6040.02 552.66 7345.7
80 7.55 552.66 4428.78 15.11 6040.02 552.66 7345.7
90 7.62 552.66 4428.78 15.24 6040.02 552.66 7345.7
100 7.7 552.66 4428.78 15.39 6040.02 552.66 7345.7
110 7.8 552.66 4428.78 15.59 6040.02 552.66 7345.7
120 7.92 552.66 4428.78 15.85 6040.02 552.66 7345.7
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Table A.5: 304 L Stainless Steel Material Properties

304L Stainless Steel

304L SS KMult 2X

Temperature Thermal Speci c Heat | Density Thermal

(C) Conductivity (W/mK) () (kay | SOUCE Conductivity ()
22 13.73 484.41 7944.1 [39] 41.19
23 13.75 484.83 7944.1 41.24
30 13.87 488.18 7944.1 41.61
40 14.04 492.79 7944.1 42.13
50 14.22 497.39 7944.1 42.65
60 14.39 502.42 7944.1 43.17
70 14.56 507.02 7944.1 43.69
80 14.74 511.63 7944.1 44.21
90 14.91 516.23 7944.1 4473
100 15.08 521.26 7944.1 45.25
110 15.26 525.86 7944.1 45.77
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Table A.6: AR+N2 Mix Material Properties

N2+AR Gas Mix

Temperature Thermal Speci c Heat | Density
(C) Conductivity (W/mK) () (kg | Souree
20 0.025 970.59 3.416 [49
25 0.026 970.59 3.416
30 0.026 970.59 3.416
35 0.026 970.59 3.416
40 0.027 970.59 3.416
45 0.027 970.59 3.416
50 0.027 970.59 3.416
55 0.028 970.59 3.416
60 0.028 970.59 3.416
65 0.028 970.59 3.416
70 0.029 970.59 3.416
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Table B.1: Boundary Conditions

Temperature ( C)

Time (s) Gas Feaed Liquid Feaed Upper Ring to ) Lower.Ring to Lower Ring to Lower Ring to
Tube Tube Upper Struts Lower Right Strut Lower Left Strut Pin Plate
0 34.188 29.875 37.73 30.5 30.5 30.5
361 34.063 29.688 37.75 30.5 30.5 30.5
721 33.938 29.563 37.75 30.438 30.438 30.438
1021 33.813 29.438 37.75 30.375 30.375 30.375
1380 33.688 29.313 37.75 30.375 30.375 30.375
1681 33.563 29.188 37.75 30.375 30.375 30.375
1981 335 29.063 37.75 30.375 30.375 30.375
2341 33.375 28.938 37.75 30.375 30.375 30.375
2701 33.313 28.875 37.75 30.375 30.375 30.375
3001 33.25 28.75 37.77 30.438 30.438 30.438
3361 33.125 28.625 37.77 30.438 30.438 30.438
3721 33.063 28.563 37.77 30.5 30.5 30.5
4381 33 28.375 37.77 30.5 30.5 30.5
4681 32.938 28.25 37.78 30.563 30.563 30.563
5341 32.875 28.125 37.81 30.625 30.625 30.625
5700 32.875 28.063 37.83 30.688 30.688 30.688
6301 32.813 27.938 37.84 30.688 30.688 30.688
6661 32.813 27.938 37.84 30.75 30.75 30.75
6900 32.813 27.813 37.84 30.75 30.75 30.75

aTaken from 1-wire sensor nearest tank tube
PAverage of multiple 1-wire sensors
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Table B.2: Radiative Properties

Optical Properties Emissivity | Ambient Temp (  C) | Source
Axial Pin & Receiver 0.85 31 [46]
Exposed Tank Tabs 0.15 33 [46]
Struts 0.15 31 [46]
Tank Blanket 4.50E-03 31 [47]
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Table C.1: Sensor Locations

Sensor Location 1-Wire Sensor Designation
Tank Belly Button Tab PRP_051
Boomerang PRP_053
Upper Right Tank Strut by Ring PRP_054
Lower Left Tank Strut at Tank Tab PRP_056
Lower Left Tank Strut by Ring PRP_057
Gas Thermistor PRP_068
Liquid Thermistor PRP_072
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Figure C.1: Gas Side Sensor Locations.

Figure C.2: Liquid Side Sensor Locations.
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Figure C.3: Liquid Side Sensor Locations (cont.).
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Appendix D: Area-Weighted Average Temperature Algorithm

Temperature results in the ANSYS model were queried using a scrifitat
returned the area-weighted average temperature of a selectaatface or face. This

algorithm works as follows:

All nodes on the face are selected
Determine how many nodes are selected
For all nodes, calculate the following:

{ Determine the area of the elements associated with each node
{ Find the product of the area and temperature

{ Store product of area and temperature in an array
Sum all elements of the product of area and temperature array
Sum all areas

Calculate the average temperature on the surface by dividing theirs of the

temperature*area array by the sum of areas
lllustrative ANSYS APDL code for this algorithm is shown below:
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*do,j,1,7
cmsel,s,%selectname(1,))%

*do,k,1,numss

set,numls,k

*get,step_time, ACTIVE,,SET, TIME

outdata(k,1,j)) = step_time

*stat

*get,n_nodes,node,,count
*dim,node_arnode,array,n_nodes
*dim,node_t_a,array,n_nodes
node_next=0

*do,ii,1,n_nodes

node_next=NDNEXT(node_next)
node_arnode(ii)=ARNODE(node_next)
node_t_a(ii)=ARNODE(node_next)*TEMP(node_next)
*enddo

*vscfun,sum_node_t a,SUM,node_t a(1)
*vscfun,sum_area,SUM,node_arnode(1)

temp_avg=sum_node_t_a/sum_area
outdata(k,2,j)) = temp_avg

*enddo
*enddo
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Appendix E:  Mesh Sensitivity Study Results

E.1 Mesh Used in Analysis

Table E.1: Analysis Mesh Statistics

Mesh Statistics
No. of Elements:| 175,245
No. of nodes:| 88,390

Typical Solve Time: | 45 min

0.0015224
0.0010149
0.00050747
3.6372e-28 Min

(a) Mesh (b) Thermal Error

Figure E.1: Original Mesh & Thermal Error
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E.2 Re ned Mesh

Table E.2: Re ned Mesh Statistics

Mesh Statistics

No. of Elements:

223,583

No. of nodes:

114,120

Typical Solve Time:

89 min

Type: Thermal Error
Time: 6900
2/17/2016 10:47 AM

0.0020521 Max
0.0018241
0.0015961
0.0013681
0.00114
0.00091204
0.00068403
0.00045602
0.00022801
3.6365e-28 Min

(@) Mesh (b) Thermal Error

Figure E.2: Re ned Mesh &

E.3 Comparison of Mesh Results

The following table shows the temperature di erence and percenti drence
between temperatures calculated using the analysis mesh and theened mesh.

There is no signi cant di erence in results between the two meshes.
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Table E.3: Comparison of Mesh Results

Temp. ( C) Temp. ( C)
Location Temp. ( C) Di % Di
Analysis Mesh | Re ned Mesh
Gas (PRP-068) 43.783 43.836 0.053 0.121
Boomerang (PRP053) 40.885 40.902 0.017 0.042
Upper Strut (PRP_054) 35.104 35.105 0.001 0.003
Lig (PRP_072) 50.204 50.227 0.023 0.046
Belly Button Tab (PRP _051) 39.968 40.096 0.128 0.32
LL Strut Tab (PRP _056) 36.401 36.402 0.001 0.003
LL Strut by Ring(PRP _057) 31.057 31.057 0.000 0.000
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Table F.1: Model Change Log

Run

Changes

4/29/2015, RO

Initial Run

7/10/2015, RO

Revised BCs, updated material props, simpli ed geometry
reduced mesh size for comp. speed

7/13/2015, R1

Revised BCs around strut interfaces & rings; updated ICs

7/13/2015, R2

Set conductance at Lower Left Tank Strut contact to
200 W/m"2 K

7/13/2015, R3

Set remove conductance values; multiply lower left
strut conductivity by 1.5x

7/15/2015, R4

Reduced heater power by 2% to match AS-BUILT in
model as best as possible (ANSYS model was 2-3% hig
maint lower left strut increased conductance

7/20/2015, R5

Matched heater power in model; higher conductivity in
lower left strut; higher conductivity in upper right strut

7/30/2015, R6

Increased conduct. By 1.5x on tank material; Matched
heater power in model; higher conductivity in lower left
strut; higher conductivity in upper right strut

8/7/2015, R7

Increased k on upper right strut 1.5x; reduced lower left
strut k by 50%; Increased conduct. by 1.5x on tank
material; Matched heater power in mode

8/17/2015, R8

Removed Temp BC on quad skin; Increased k on tank
receiver pin and tting by 1.5x; Returned Lower Left
Strut k to baseline con g; Increased k on upper right

strut & boomerang by 3.0x; change system IC to 30 degC

8/18/2015, R9

All of R8 changes with following modi cations: Increase
k on receiver pin and tting by 2.0x total; Change IC
system back to 33 degC; Change IC on Lower Left
Strut to 30.7 degC.

8/19/2015, R10

All of R9 changes with following modi cations:
Increase k on boomerang and upper right strut by 10x
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Table F.2: Model Change Log (cont.)

Run Changes

8/21/2015, R11 | Fixed contact issues in struts; maintained all of R10 mods

8/24/2015, R12 | Return everything to baseline con g

Remove surrounding structure and apply structure BCs to struf
8/26/2015, R13| & pin receiver plate instead. Worked out more contact issues
with struts; baseline properties

Increase k on upper right and lower right struts by 2x;

8/27/2015, R14| & "0 o

Increased k on following: upper rt strut 2.5x; upper left strut
8/27/2015, R15 | 2x; tank bosses 2x; gas & lig prop lines 2x; upper & lower
hemis 1.5x

Increased k on following: prop lines (gas & lig) to 3x total;

8/31/2015, R16 boomerang to 2x total

Returned to R15 con g; re ned mesh on upper and lower

9/1/2015, R17 . :
hemispheres and pin

Modify R15 Con g. Improve mesh on the following: upper
& lower hemi by tank boss, all tabs on lower hemisphere,
tank pin interface tting; increase k on lig. Boss to 2.5x;
increase k on upper & lower hemi by 2x total

9/2/2015, R18

R18 Con g, but changed Lower tank strut BCs to both

9/412015, R19 match PRP_056

R18 Con g; Increased overall model mass

9/9/2015, R20 (15%) to approx. match As Built Mass

Shifted mass from upper hemisphere to

9/10/2015, R21 bottom hemisphere to simulate diaphragm position

NOTE: Some issue with model, maybe with update. Results
suspect! Reverted back to R20 mass con g; updated
boomerang mass to correspond to measured mass;
improved mesh on Lig-A htr

9/11/2015, R22
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Table F.3: Model Change Log (cont.)

Run

Changes

9/29/2015, R23

Roll back to model saved on 9/1/2015 (R16); Update mas
on struts, tank shell, boomerang. Brought model mass

in line with as-measured tank mass. Distributed mass

to maintain ratio between lower & upper tanks. All other
parts of model are the same as R16 (mesh, conductivities
etc.)

10/1/2015, R24

R23 Con g; modi ed IC on lower left strut to 25 deg C
(strut body and tab interface)

10/6/2015, R25

R24 Con g; Put heater heat ux BC on outside of heater
instead of on the contact surface (inside) of heater

10/8/2015, R26

R24 Con g; De ned upper and lower tank \zones" and
applied heater BCs to zones (gas & lig circuits)

10/13/2015, R27

Change bonded contact Thermal Conductance on lower
strut tab interfaces to clevis to value of 127. This is
estimated to achieve 1-wire temperature at lower struts

10/20/2015, R28

Decrease lower strut conductance (75)

10/20/2015, R29

Decrease lower strut conductance (50)

10/20/2015, R30

Increase lower strut conductance (175)

10/20/2015, R31

Decrease lower strut conductance (20)

10/21/2015, R32

Maintain lower strut conductance (20); increase lower
tank conductivity to 2x

10/22/2015, R33

Change PRPO051 selected face to patch; split out bottom
ring interface temp BC to struts and reciever pin plate
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Table F.4: Model Change Log (cont.)

Run

Changes

10/23/2015, R34

Change Upper Right Strut conductivity from 2.5x to 2x;
change Upper Left Strut conductivity from 2x to 1.5x;
change boomerang conductivity from 2x to 1.5x;
change PRP053 location to patch

10/26/2015, R35

Change upper hemi conductivity to 1x (baseline);
change gas inlet tube conductivity to 1x (baseline)

10/27/2015, R36

Change upper strut assy conductivities from R34
values to all baseline (1x)

10/27/2015, R37

Increase upper right strut conductivity to 1.5x,
create better contact faces on boomerang for
beertab interface

10/27/2015, R38

Address contact issues on Boomerang to beer tabs

10/30/2015, R39

Change Boomerang Left and Right Interface
conductivity to 150

11/2/2015, R40

Change Boomerang Left and Right Interface
conductivity to 100

11/2/2015, R41

Change Boomerang Left and Right Interface
conductivity to 20

11/3/2015, R42

Revert Boomerang conductance to Program
Control; change upper strut clevis to pin
conductance to 150

11/3/2015, R43

Revert Boomerang conductance to Program
Control; change upper strut clevis to pin
conductance to 100

11/4/2015, R44

Revert Boomerang conductance to Program
Control; change upper strut clevis to pin
conductance to 50
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Table F.5: Model Change Log (cont.)

Run

Changes

11/5/2015, R45

Revert upper strut conductances to baseline; set
boomerang conductances to 20 each, set upper
hemi conductivity to 1.5x

11/5/2015, R46

Revert boomerang conductances to baseline;
change upper strut end conductances to 50;
change upper right strut conductivity to 2.5x;
maintain upper hemi conductivity at 1.5x

11/5/2015, R47

Change upper strut end conductances to 100;
maintain upper right strut conductivity to 2.5x;
maintain upper hemi conductivity at 1.5x

11/6/2015, R48

Change upper strut end conductances to 150;
maintain upper right strut conductivity to 2.5x;
maintain upper hemi conductivity at 1.5x

11/20/2015, R48a

Average temperature over selected area at
each 1-wire location recorded below;
no other changes

11/20/2015, R49a

Change boomerang conductance to 20 on left and righ
moved boomerange and uppper strut assy up to

X interference problem; updated boomerang-
upperhemi contact surfaces; maintain TCC

changes made in R48; record average

temperatures below

11/23/2015, R50a

Uncertainty analysis: +Q on heaters; R49a con g;
record average temperatures below

11/24/2015, R51a

Uncertainty analysis: -Q on heaters; R49a con g;
record average temperatures below

11/25/2015, R52a

Run Simulation to 10,300s & comare to test data;
R49a con g; record average temperatures below

11/30/2015, R53a

Correct mass distribution error in tank (upper hemi);
record average temperatures below

12/1/2015, R54a

Uncertainty analysis: +Q on heaters; R53a con g;
record average temperatures below
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Table F.6: Model Change Log (cont.)

Run Changes

Uncertainty analysis: -Q on heaters; R53a con g; record

12/1/2015, R55a
average temperatures below

Uncertainty analysis: MASS MINUS; Q on heaters;

121412015, R56a R53a con g; record average temperatures below

Uncertainty analysis: MASS PLUS; Q on heaters;

121412015, R57a R53a con g; record average temperatures below

Uncertainty analysis: BC Temperatures +10 deg C;

2/5/2016, R59a Q on heaters; R53a con g; record average temperatures below

Uncertainty analysis: BC Temperatures -10 deg C;

2/6/2016, R59b Q on heaters; R53a con g; record average temperatures belpw
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Table F.7: Model Change Log (cont.)

Run

Changes

2/8/2016, R60

E ect of S/C enclosure. Surrounding enclosure in model
re-enabled; R53a con g; record average temperatures bel¢

DW

2/9/2016, R61

R53a con g, but modify N2+Ar gas mix to have constant
density (mass) in model. Re-run to see if major e ect on
system; record average temperatures below

2/12/2016, R62

R53a con g with N2+Ar gas mix to have constant density
(mass) in model. Re ned tank mesh to see if drastic
e ects on model; record average temperatures below

2/12/2016, R63

R62 Con g (re ned mesh model), reduced lower right
strut k to 1.5x ; record average temperatures below

2/13/2016, R64

R53a Con g (baseline mesh model), reduced gas tube
k from 3x to baseline ; record average temperatures
below. Observed not appreciable di erence between
temps in R53a (3x cond on gas tube) in R64 results

2/14/2016, R65

All results reviewed. Change R53a Con g to following:
Lower Strut TCCs 20; Upper Strut TCCs baseline;
Boomerang TCC 20, Lower Left strut kmult 1.0x;
Lower Right stut kmult 2.0x; upper left strut kmult 1.0x;
Upper right strut kmult 1.5x; lower hemi kmult 2.0x;
upper hemi kmult 1.5x; record avg temps below
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