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Modeling to predict the condition of cryogenic prefpants in an upper stage of a launch
vehicle is necessary for mission planning and sussfell execution. Traditionally, this effort
was performed using custom, in-house proprietarydes, limiting accessibility and application.
Phenomena responsible for influencing the thermodymic state of the propellant have been
characterized as distinct events whose sequencénegfa mission. These events include
thermal stratification, passive thermal control do[rotation), slosh, and engine firing. This
paper demonstrates the use of an off the shelf, aoencially available, thermal/fluid-network
code to predict the thermodynamic state of propetlauring the coast phase between engine
firings, i.e. the first three of the above identfil events. Results of this effort will also be
presented.

Nomenclature

T = Ullage temperature [°F]

Das = Diffusion coefficient [ft/hr]

Cq = Boiling coefficient due to surface roughness

CrL = Specific heat [Btu/lbm-°F]

f(q) = collision function for the two species involvedth Binary Diffusion
g = local gravitational acceleration/acceleratitong central axis of the vehicle [ft/Sgc
H = Convective heat transfer coefficient [Btu/HrE]

hrg = heat of vaporization [Btu/lbm]

k = Thermal Conductivity [Btu/hr-ft-°F]

Ma, Mg = Molecular weights of the respective components

Mg = Boundary layer mass flow rate [Ibm/hr]

P = Absolute pressure [psia]

l'ag = molecular separation factor

W = circumference [ft]

X = characteristic dimension [ft]

Gr = Grashof Number

Nu = Nusselt Number

Pr = Prandtl Number
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Ra = Rayleigh Number
= Boundary layer thickness [ft]
= kinematic viscosity [fithr]
= surface tension [Ib/ft]
= Dynamic Viscosity [Ibm/ft-hr]
Subscripts:
L = Liquid
\% = Vapor
C = Constant of proportionality [gravity: Ibm-fiftsec]
AB = Species ‘A’ and species ‘B’

[. Introduction

NOWLEDGE of the thermodynamic state of cryogeniog@ilant is necessary for a successful engine atakt

operation. In the case of an upper stage, theigiégiisource of this knowledge is a series of aiy
predictions involving thermal radiation, conducti@onvection, evaporation, recirculation, and nmixinin many
cases, this involves a series of separate modulirlg to account for these items, i.e. a thermalcstiral modeling
tool, a thermodynamic tool, a computational fluydhdmics tool, etc. A downfall of this approaclthie information
exchange between these separate modeling toolstlfeirdrespective modelers). Due to various caists, the
information loop between these separate modeliotstis not iterated until convergence. The remulthat the
prediction of the thermodynamic condition of thegellant is likely inaccurate.

A new approach, attempting to combine several efdbparate modeling tools, using a thermal/fluitivoek
code is proposed. The primary purpose is to atlwavclosely coupled thermal and fluids/thermodyrenaispects
to be solved simultaneously. After review of theitble thermal and fluid network codes, a dedisio use
SINDA/FLUINT? (an industry standard, commercially available pael} was made.

SINDA/FLUINT is comprised of two distinct modelirtgols which share and exchange information durismche
iteration and/or time-step. The SINDA portion wagyinally developed in the 1960’s and has undeegseveral
major modifications during the 1970’s and 19805 well as continuous improvements. Its primaryppse is to
solve the heat equation featuring “nodes” and “cmokrs.” The FLUINT portion was added in the |dteif of the
1980's and, like its SINDA counterpart, has undegaontinuous improvement. FLUINT solves the one-
dimensional continuity, momentum and energy equatfor an internal flow condition using “lumps” afyghths.”
Energy is exchanged between SINDA and FLUINT usirgpmponent in FLUINT called a TIE. Each TIE paes
a convective heat transfer connection between loiet Ilimp to one thermal node (note that both lurapd nodes
can have multiple TIEs - i.e. one lump may havesTiEmany nodes and vice-versa).

The open literature contains limited informafidron low gravity cryogenic propellant conditioninthérmal
stratification, effects of rotation, etc.). In attempt to anchor the proposed modeling approaphrallel effort was
undertaken by the Florida Institute of Technofogyincorporate various physical phenomena (lowityarotation,
stratification, etc.) into the analytical predictiof the propellant’s thermodynamic state.

II.  Approach
The modeling effort includes structural heat trangifieating environments and fluid thermodynamics.

The structural heat transfer model is straight fody following traditional modeling methodologie3hermal
conduction and radiation models are developedhierupper stage in question. Development is peddrosing a
CAD based GUI (Thermal Deskt9pwith corresponding radiation model analysis tR&dCAD). Since the fluid
portion of the modeling is performed outside thenmal bounds of a flow network code, a decision wasle early
in the planning phase of the modeling effort tayfothe fluid network capability within Thermal Désg (FIoCAD)
and instead output the SINDA model and manuallylugie the thermodynamic modeling. As part of this
development, the thermal structural and thermodyeemodelers mutually agreed upon the number &l dayers
and the number of circumferential divisions nee#éthin each tank model. This allows the thermalatural
model and the thermodynamic model to be integragesily.



The fluid (thermodynamic) modeling is broken dowrtoi distinct “events,” which include settled thefma
stratification, rotation, and slosh. Figure 1,dvelillustrates these events. The resolution cheavent differs from
the others, with the stratification event having thost resolution (in order to predict the thiclhasd thermal
variation within the stratum) and the slosh evemtihg the least (slosh is considered to be a migirent, therefore,
tracking of warm and cold propellant is of lessaportance). A fourth event model (pull throughkiated to be
developed and incorporated into the stratificadoant model at a later date.

CFD was used as input to the thermodynamics modbllecation of the fluid within the tanks as a ftiion of
mission time and event (i.e., sloshing).
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Figure 1. Fluid “Event” Models

Prior to incorporation into the integrated thermfmodynamic models, each of the event models were
developed for a “simple, generic” tank in orderesily develop and test features of each eventesdlaspects
account for the physics to be modeled and inclgttatification, rotation (both solid body and treamés — startup,
roll reversal & despin), boiling, molecular diffesi, pressurization and venting, etc.

A note on what follows: from this point forward etipaper was prepared with an assumption that daerehas
some familiarity with SINDA/FLUINT and its networlbuilding components (nodes, conductors, lumps,
connections, etc.). Thus, no detailed explanaisoprovided for modeling parameter choices of tbenmercial
code used in this effort.

lll.  Methodology

A few points are worth mentioning on the overalltheael chosen to “integrate” the models. Thermalcitral
models are present continuously throughout a missinulation. These models define the environments
surrounding the two cryogenic propellant tanks tigito the evaluation of heat leaks (structural cotidacpaths)



and the heat flux to the general insulation extetmahe tank wall. The continuous presence ofgheironmental
models is in contrast to the manner in which tb@fmodels are used.

Modeling of the fluid thermodynamics is accomplidhbrough the use of fluid (FLUINT) sub-models imded
to simulate discrete phenomena descriptive of fhettavior in a space vehicle during multiple endiriags and
coast periods. Modeled fluid behaviors are reteteeas “events” due to their association with ise periods of
mission time and vehicle behavior. The fluid egenhich have been identified at this time are dation, b)
stratification and c) sloshing (splashing).

IV. Fluid Sub-model Integration (Spatial, Temporal)

A) Fluid to structure integration: Fluid model®earonnected (TIE) to the thermal structural hemtdfer models
and accounted for in appropriate SINDA logic, datal output blocks (i.e. LO2 and LH2 stratificatiamd rotation
models are connected at the wall to their respedteat transfer models).

B) Transient integration: The processes of engagind disengaging individual fluid sub-models tmdate
discrete “events” along a continuous time line ecamplished with successive ‘Build’ commands. Madel
previously built, but not included in a current lducommand, are placed into a ‘dormant state’. usaqing of
events is controlled in the “OPERATIONS” block. élmethod used depends upon a) knowledge of thaomiss
being simulated, b) interpretation/identificatioh environments which signify an event, c) the usemultiple
definitions of simulation completion times enabthe transition between events and d) identificatibvariables
necessary to maintain continuity between eventss{pg needed values from the discontinued evetitet@urrent
event).

There are possible alternatives to the method tbestin item “c” above. Basically, the current imad relies
upon an interpretation of the environments (amb@amntironment, vehicle behavior, etc.) before hamarder to
define the required “TIMEND” for each event. Artexhative method would be to key the use of “evesub-
models to values of specific variables (exampléation rate, heat transfer regimes, etc. This daabuire a real
time evaluation of particular mission variablesAn examination of real space vehicle mission datilkdy
dismissed this idea. For example, a rotation spdezkro degrees per second may indicate a sloshter an
opportunity for fluid stratification. Introductioof the correct event model may require a judgnibased upon the
foreknowledge of the length of time the event oscur

V. Miscellaneous

In addition to use of individual sub-models, mudhte required input data is modularized. The prog utilizes
multiple inserts of external data files used toimkefa) mission variables (gravity, rate of rotafi@ent schedule,
etc.), b) tank geometry, c) provide temporary sjerad) fluid properties used in subroutines, andCEp data
relevant to fluid behavior (occurrence of slosh &wtion of fluid due to slosh, rotation and gtaorces).

The emphasis herein is to review the method of finugi¢hese key events which together may be usettount
for a variety of possibe mission scenarios. Howgesabroutines created for this modeling effortvide for a
number of functions common to all the event sub-ei&d Some of these functions may be routine (detettion of
wall node positions, overall liquid depth, etc.)ilwhothers provide for the determination of bourydkyer and
convective heat transfer variables. Because oif tingportance, a summary of the equations used tffier
determination of relevant natural convection, Imgiland boundary layer variables is provided in Agujbe A.

Molecular diffusion (Appendix A), venting and prasgation are included in the modeling of the tank
thermodynamics. Molecular diffusion is accounted ih determining the condition of the ullage innpnction
with the use of helium as a pressurant. Venting predsurization of the tanks are modeled using Isiropntrol
valve connectors. Controlling the venting and gpuegation to correspond to proper values of valeat and crack
pressures is performed within the flow logic blaokerent in SINDA/FLUINT. The models are capabfeusing
multiple values of seat and crack pressure costtiings. The varying of control valve settinggjch may occur
during a single mission for the purpose of propeltzonditioning, is controlled with the use of ai&j defined in an
array versus mission time.

VI. Stratification Event

Thermal stratification is probably one of the sultgemost likely to surface when a discussion obggnic tanks
comes to mind. For this reason, stratificatiors whosen as the first ‘event’ to be modeled. Wpécal ‘top to



bottom’ existence of temperature stratum withituéfis largely due to buoyancy driven forces whielocate fluid
within the boundary layer to upper stratum and &gty to the liquid-vapor interface. The migraiboundary
layer fluid creates a ‘warm layer’ at the liquidpeaa interface. The ability to predict the existeramd the extent of
temperature gradients within the fluid is essentiainderstanding phenomena such as tank pressat®ic boil off
and the possible variance in fuel temperaturesigine and pump inlets. The stratification modebiglt so that
heat transferred to the fluid at the wall may bmuated using either an assumed direct heat irputassumed

temperature difference (b — Truip) Or through a ‘TIE’ to nodes of a thermal heamnsfer model of the
surrounding structure.

Conceptually, the model needs to 1) account forehergy and mass transport mechanisms responsible f
thermal stratification and 2) exhibit fidelity firnough to capture thermal stratification. Keyakians where mass
and energy transport require attention are at #ssel wall and at the liquid vapor interface (Fgg@). Various
regimes of convective heat transfer between theelesall and the fluid are accounted for through tise of
separate user written subroutines for natural cctitwe and boiling. These subroutines, locatedhi subroutine
data block, are common to all the event modelsspide SINDA/FLUINT having in house subroutines dafalie,

these subroutines were written to afford more @dntiver the correlations used, variables desirad] the
accounting for micro-gravity effects.

1 Ullage ——=—=\

; - s
U I—l 1 ’
i 10 y g
' === o .
\ K B
! g
v : v )
¥ % . Boundary ,l
L | N S Tank Wall
~ - Ly ——

Layer A

Liquid-Vapor Interface

I
! . 4
N Bulk Liquid ,(?l
W SRS e I [t

Figure 2. Stratification

Appendix A contains a summary of the equations usedetermine convective heat transfer coefficieard
boundary layer variables. Characterization of loendary layer is essential to any attempt to makdetmal
stratification. The boundary layer provides thechanism through which warm fluid adjacent to thellvia
eventually transported via buoyancy forces to thgeu regions of the liquid volume. A boundary lagabroutine
provides values for mass flow rates within the hiarmg layer as well as the local boundary layer kigss.

Increasing boundary layer flow in the axial directis provided for by radial connections betweenlthmps of the
bulk fluid and the lumps representing the boundayer.

The number of layers the tank is divided into aldtsgaxis is at the discretion of the modeler. Tuenber of
layers is defined using the register variable ‘SEIC Excessive number of divisions may not onlyummecessary
but may also adversely affect the model’s abildynumerically converge. It was decided early cat the axial
fidelity (number of layers) of the thermal/stru@bliwall model would equal the axial fidelity of ttieermodynamic
fluid model. This was done in an effort to cohitonditions at the wall immediately local to tHaid. Another
consideration, when deciding the axial fidelitytbé model, is to compare the amount of fluid magsasented by
an individual layer to the desired accuracy whesdfmting liquid boil-off, etc. In the fluid modethe boundary



layer lump may be ‘tied’ to any number of wall nedeThe fluid model can accommodate any circumtekn
distribution of wall nodes. In specific applicat®of this fluid model, the wall of a hydrogen tamks ten nodes
along the circumference of each layer (57 threa Iagers) and a model of an Oxygen tank had eighles along
the circumference of each layer (55 two inch thiglers).

A. Stratification Model

The flow data block of a specific event model is finciple feature distinguishing one event fromother. The
SINDA/FLUINT model representation of the stratifiicam event consists of a vertical stack of fluidmios
representing the core or ‘bulk’ fluid. In paralléd a stack of lumps intended to account for tbarlulary layer
adjacent to the wall. The boundary layer lumpsaameular (like a stack of washers) to the lumpsesgnting the
bulk fluid. The fluid lumps represent stationagntrol volumes whose sum equals the total voluméheftank.
The thermodynamic status (liquid or vapor) of elchp is determined through a comparison of theidiglepth in
the tank to the axial height of a lump and adjaceall node. Thermal conduction between the fluichps is
accounted for using FTIEs.

Connectors are network elements (See Figure 3) tastak lumps together into a network and to pdevihe
means for energy and mass transport between flugh$. SINDA provides various types of connectotSS’
connectors are selected to model the axial mass liletween adjacent bulk fluid lumps and the radiaks flow
from the bulk lumps to adjacent boundary layer [amfMFRSET’ connector devices are selected to ribole in
the axial direction within the boundary layer. MEIRTs are used to transport user defined mass fides.r
Boundary layer flow rates used for the MFRSET catms are obtained from the ‘BLAYER’ subroutine.
Boundary layer thickness is used to estimate arthtepthe volume of the boundary layer lumps. Naria
transferred, between lumps of different thermodyicastate, except for the TWIN tank at the liquidfage. In a
TWIN tank, two distinct tanks are formed from on@mtogeneous lump at the beginning of the solutioliguad
volume and a vapor volume. The two sub volumekiwithe TWIN tank are coupled by a superpath. pespath
may be thought of as a set of parallel unnamed MFRIie paths, each transporting a different speoieperhaps
a different phase. Three paths are created bettheetwinned tanks. The TLIQ subpath is createdHertransfer
of liquid between the lumps, the TVAP subpath for transfer of vapor between the lumps and TSPbB@ath to

track species diffusion between the tanks.
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TIEs are generated in the axial direction for edshsion along the tanks circumference. ‘UA’ vaduare
updated in appropriate flow logic blocks. Presmtion and venting of the tank is modeled using €IV and
UPRVLYV (control valve simulations) connectors bedweahe bulk ullage and plenum devices. Plenumsnéirete
volume SINDA network elements used to provide beupaonditions to an open fluid model. Simple cohlbgic
is provided for the opening and closing of thesanestions corresponding to the desired ‘crackingl &eat’
pressure settings.

Register Data: Registers are used to set initial conditions, treakiables, set control flags and determine tank
geometries, etc.

Flow Logic: This Block contains most of the logic associatétth determining heat transfer conditions at thél.wa
The following is a high level view of the logic sgznce provided.

First, current values of mission dependent varmBlech as valve operation and gravity (optionaliirip heat
flux or assumed T at the wall) are obtained from the appropriatays using the present mission time. Heights of
individual layers (wall nodes and adjacent fluichjas) are determined and the depth of the liquichidated. Next,
conditions for convection at each TIE are deterchin@he thermodynamic state of the adjacent fluidp is used
to determine conditions used in subroutines whighreturn values for boiling or natural convectioithese values
are obtained through the use of successive ‘Do toqed to navigate within the network axially and
circumferentially in the aft dome, the cylindricsg¢ction and finally the forward dome. ‘FLOGIC 2 used to
update lump volumes and flow areas.

FLOGIC 2; logic is provided following each time gte FLOGIC 2 provides an opportunity to update the
location of the TWIN tank to correspond with thguiid surface. The proper updating of the TWIN téodation is
necessary for evaporation and non-equilibrium madeb occur within the proper liquid layer.

B. Stratification Modeling Results

Results of the stratification model are graphicdllystrated in Figure 4. Figure 4 illustrates firedicted extent
to which stratification occurs in three differenyagenic fluids versus time. In this simulatiore ttemperature
difference between the wall and the adjacent g a controlled (T= 1.0°R) boundary condition for comparison
purposes. The criteria assumed for the existehstratification was a predicted temperature déffee of 0.1 °R
between the fluid layer and the remaining bulk iligtemperature.  Figure 4 indicates, a) Of thee¢hfluids
examined, hydrogen exhibits the strongest tenddocgtratification and oxygen the least and b) #émeount of
stratification is directly related to the level grfavity. These results are as expected. Thernsigdlyproperties of
the three fluids are responsible for their relatiaatility when subjected to similar boundary hiegt Specific
properties of interest here are the coefficienthefmal expansion §, viscosity and specific heat. The influence of
gravity is as expected due to its direct influenpen buoyancy forces responsible for circulatiorthaf boundary
layer.

Percent of Bulk Fluid Thermal Stratification vs. Ti me For Various Values
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VIl. Rotation Event

The rotation of space vehicles about its longitatliaxis (BBQ roll) is not uncommon. Vehicle rofl often
performed for the purpose of providing passiverit@rcontrol (PTC). Rotation of a fluid containesults in the
free surface of the liquid attaining a paraboldidevolution. The rotation model was constructecimulate fluid
behavior during periods of vehicle rotation.  Thedel is intended to account for the growth of liaid up the
tank wall and to approximate the corresponding ghan the liquid-vapor interface area. As thedflascends wall
space previously opposite of the ullage, the ligoidy come in contact with hot wall areas resultingfluid
evaporation and quenching of the wall material.

The fluid network simulates the changing shapehefftuid through the use of TIE connectors. It wiasided
that the methodology for the fluid network would teehave the lumps maintain their state and atteir tTIE to
wall nodes as required. This scheme is preferoethé complicated task of tracking the fluid bourydand
corresponding thermodynamic states through multiplgrol volumes.

The rotation event model (Figure 5) and the stcatifon model are significantly different in thdléawing ways:

1. The rotation model has fewer fluid lumps. Glemto the shape of the fluid can be extreme, &lpem a
low gravity environment. The change in shape wdddcomplicated to follow with a fluid network mettology
similar to the stratification model (i.e. fluid mog through multiple control volumes). The needlfyge numbers
of fluid lumps, such as that used in the stratif@amodel, is reduced due to increased fluid ngxiluring rotation
and low gravity.

2. Fluid lumps used in the rotation model do notrge thermodynamic state as the control volumahdn
stratified model do. Fluid lumps of the rotatiomadel may change size due to pressure changes, ratiapoand
condensation.
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Figure 5. Fluid Rotation

3. Only one liquid lump is in contact with the Wat all times. This liquid lump also provides tiepuid-vapor
interface and envelopes the bulk liquid lump (Feydy.

4. The rotation model allows for variable mixing ¢ccur in the liquid and ullage regions of thektgne.
between adjacent fluid lumps of the same thermoaymatate). The use of a single lump liquid to lveaintact
eliminates the need for tracking the location ahapg of multiple lumps. This liquid lump createsvarm layer’
adjacent to the wall and at the liquid-vapor irded. This liquid lump is ‘twinned’ to allow for neequilibrium two
phase conditions at the liquid-vapor interface.s iA the ‘stratification’ model, a TWIN tank netwoelement is
used to accommodate mass transfer between the laqud the vapor. Heat is conducted between adjdeems
through the use of FTIE connectors.



A. Rotation Model

Two lumps represent the liquid contents and onepluepresents the vapor contents. A second TWipbwva
lump is created when the liquid lump is twinnedg(ie 6). Paths (LOSS connectors) allow for thesniemsport
between adjacent liquid and adjacent vapor lunpsur paths allow for the simulation of fluid mixingvixing is
simulated using two flow paths, MFRSET connectarse(in each direction) between two lumps of theesan
thermodynamic state. The extent of the mixing astolled through the use of register variablesnmxil and
‘bulkmx’. Venting and pressurization is provideat using ‘CTLVLV’ devices. This is identical toetmethod of
venting and pressurization control used in thetifttation model. FTIE connectors are used to pdevheat
conduction between adjacent lumps.

Figure 6. Rotation/Slosh modeling in SINDA/FLUINTvia PUTTIE routine

Flow Logic: This Block contains most of the logic associatétth determining heat transfer conditions at thél.wa
First, mission variables (rate of rotation, ventdacstatus, etc.) are updated for current missime.ti Heights of
individual wall nodes are determined. (Remembat the thermal structural heat transfer model éssdame for all
fluid event models). The height of the liquid athé area of the liquid—vapor interface area amatgd from tri-
variant storage arrays. These arrays also acdéoupbssible migration of the liquid away from thettom surface
(dry wall where there was liquid, line ‘3’ in Figub). Inputs to the tri-variant arrays are tafikpfrcentage, rate of
rotation (deg/sec), and gravity ratio (g/gData in these arrays conform to contributiacnasrf CFD simulations.

Successive ‘do loops’ navigate through the netwadriwall nodes for each circumferential divisiontire axial
direction. TIEs are assigned to either the liguidrm layer’ or to the bulk ullage lump based ugbe depth of the
fluid at the wall compared to the height of the vwnades.

B. Rotation Modeling Results

Figure 7 is a composite of three figures from ailighydrogen tank simulation. Figure 7 is intendegrovide
graphical illustrations of essential input assummitogether with selected results for their congpar Additional
assumptions are provided in a text box atop obtiteom figure.



LH2: Predicted Liguid Height at the Wall
for Assumed Valued of Vessel Rotation and Sloshing
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Figure 7. Predicted Influence of Rotation Upon LH2
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The top figure illustrates the inputs assumed feriqus of tank rotation and slosh. The heighthaf liquid
along the tank wall and the area at the liquid-vapterface directly corresponds to the periodsodétion and the
rate of rotation. There are a total of four pesiad rotation assumed in the simulation (two atde8/sec, and two
1.3 deg/sec). Two slosh events were includediggimulation for comparison to the effects of tima. Although
slosh periods were simulated during periods ofatation, slosh simulation may also be simultandoubke rotation
simulation. The value of the ‘slosh’ variable detanes the option used to simulate a slosh peridéro (0)
indicates no slosh, one (1) indicates use of theez option for slosh and two (2) represents miiof time when
the ‘nodal’ option for slosh simulation is beingeds

The second figure illustrates the predicted tentpeea of the wall at various heights along the tamrls of
rotation. Predicted fluid temperatures (warm laged bulk liquid) are plotted against a separats imxthe figure
scaled to fluid temperatures. Note that the balkperature exhibited a small yet steady temperatsee The
‘warm’ layer exhibits rapid temperature respongsgfuénced by the pressure oscillations occurringhi@ tank
(bottom figure). These pressure oscillations @uttfigure) are most closely associated with theclirey and
reseating of the vent control valve. The magnitafithis effect would be expected to vary with gteuctural mass
and the temperature of the wall (latent heat). eNbat the change in the slope (psi/sec) of thk prassure rise
associated with the period of the first slosh oceure (3000 seconds to 3120 seconds) compareé &idpe of the
previous pressure rise due to nominal conditiohsquid contents are in contact with increasing waléa and
increased areas of contact with the relativelyuilsige conditions during periods of rotation. Ntte decreasing
tank pressure following the first rotation period103 degrees per second (at approximately 5520nsis). This
pressure decline is partially attributable to thespnce of cooled wall areas following the rotag@miod. The
following pressure rise is aided by a short (oneutg) nodal slosh period.

VIIl. Slosh Event

The slosh event (Figure 8) represents portionsimnvdimission profile when a chaotic, short livedtting of the
tank wall occurs due to an abrupt maneuver, etc.

Figure 8. Fluid Slosh — Zone and Individual NodaBreakdown

A. Slosh Model

Liquid ‘slosh’ is a chaotic and short lived everfithe fluid network used to model slosh is identicathat of the
rotation event. The chaotic nature of the eveovides the rationale for not requiring the fluid aeting fidelity
required of a stratification model. Neglecting it attitude control and the potential to passuahble liquid
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through the venting system; the slosh phenomenohiigerest because of the potential to effeck aressure and
liguid boil off.

Due to the network similarity and the short dunatid the event, it is more efficient to call a smiine for slosh
from the rotation model. The modeling of sloshuiegs the ability to TIE the liquid lumps to thepappriate areas
of previously dry wall for the period of the slostent and then reconnect the TIE to the ullageoregt the end of
the slosh period. Essentially the modeling of lslés most similar to the rotation model except tioe possible
discontinuities in the distribution of wetted waplace during a slosh event. Wall nodes of theosading thermal
heat transfer model provide a convenient grid upbith areas to be splashed may be identified (Ei@)r The
fidelity of the slosh model is to a great exterittated by the fidelity of the wall node distriboi. In Figure 8,
zones are indicated with large bold numbering add/idual wall nodes are indicated with six figumembers in the
background.

Elements. Network elements are identical to Rotation model.

Flow Logic: A register variable ‘SLOSH'’ is read from an arralyich is a function of mission time. ‘SLOSH’ is a
numerical key identifying the presence and non gnmes of sloshing and the slosh option to be uséero (0)
indicates no slosh, one (1) indicates slosh andwitting of surfaces identified through the useafies, and two
(2) slosh and the wetting individual wall nodeshisTmethod will allow for any number of slosh exeand any
combination of slosh options to be used during ssian.

SPLASH Subroutine The basis of the slosh subroutine is identifyimgll to be wetted and the use of the
‘PUTTIE routine. The ‘PUTTIE’ is a SINDA/FLUINT outine which allows moving of a TIE from one lump t
another and/or from one node to another. In thiglehthe TIE is moved between lumps containing vapal
lumps containing liquid. The subroutine for sldsthavior is ‘SPLASH’. SPLASH is called if the velwf the
register variable ‘SLOSH’ (read from an array) ¢ual to either ‘1’ or ‘2’ (see Flow Logic above).A double
subscripted variable ‘STATE’ is initially loaded tiones (default of ‘1’ indicates vapor adjacentthie wall).
‘STATE’ is used to identify individual wall nodesetted in a slosh event. ‘STATE’ is dimensionedutde sub-
scripted) to represent the number of circumferéatid axial divisions of the tank wall model.

If the zone option (option 1) is used to identifgtted areas, then ‘singlet’ arrays are made avail@ontaining
either a zero (0), indicating may be wet but ndasiped, or a one (1) indicating the zone is ‘sgdsh An array of
this type is used to identify the zones to be tedhe liquid lump during an individual slosh petioIf there are
three slosh periods anticipated for a particulassioin, then, three such arrays identifying the sdpd zones are
used. Each individual location in the singlet arragresents the splash status of a zone. A zoaedlection of
wall nodes.  The use of the zone option allows tiidentify groups of wall node to be wetted dgra slosh
period. The subroutine goes on to test each otohes for their slosh status. If the zone isdoMetted, then, the
wall nodes contained in the respective zone is tibethe fluid lump used for wall heat transfer.dilidual nodes
represented by a ‘wet’ zone are also coded ashsetigh the use of the ‘STATE’ variable. ‘STATE'laer used
as the basis for selecting the appropriate modebofection and the use of the correct fluid propsr

If the individual wall node option (option 2) isagto identify areas to be wetted, then, an arfaemes and
ones is used to identify the fluid lump to be tted Successive calls, one call for each circunmfgsé division of
the wall model, load the contents of that arrag thie double subscripted variable ‘STATE'. Zerdif@icates wet,
one (1) indicates vapor. Individual locations ‘BITATE' are tested for their value and TIEs areigssd
appropriately to either a liquid or vapor fluid lpm

Following the identification of wetted wall nodesdathe reassignment of TIEs to the appropriated flump,
STATE is used to determine the appropriate convrcubroutine to be used. Because this subroistinged only
when slosh is indicated, a return to the main gogwill reassign the TIEs to the appropriate flhichps, based
upon liquid height, upon the completion of the klpgriod.
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B. Slosh Modeling Results
The sequence below depicts the node slosh optiovhioh a predetermined set of warm wall nodes ik tb

the cold liquid for a certain amount of time ane@nhdisconnected. Each frame in Figures 9 and ffesent
snapshots in time. The first frame depicts thelfand container at a quiescent state. In thersbframe, formerly
warm nodes adjacent to the ullage volume, are doinleesponse to being splashed during a sloslogherivall
space adjacent to the splashed wall nodes arecafded due to the conduction modeled within thel. w&lrame
three illustrates the residual effects upon thd teatperatures following the simulated slosh period

Figure 9. Nodal Slosh Sequence

The sequence below depicts a zone slosh optionendheet of node clusters are wetted for a portidime and
then the ties are disconnected and connected loattletullage vapor. The function of the frame Wigp are as
described above. Note that the use of the zoneroptay be convenient but lacks the fidelity of theividual node

option.

Figure 10. Zone Slosh Sequence

IX. Conclusion

As illustrated within the context of this papertoal suite has been successfully developed folirupeedicting
propellant thermodynamics for upper stage(s) ohdawuvehicles. The underling development platfosrttie
commercially available SINDA/FLUINT heat transféwifl network code. The tool suite consists of “Bve
Models” (Stratification, Rotation, and Slosh), eafhwhich simulates distinct physical phenomenadsgul upon
the propellant during flight. The event models namcurrently, with hecessary common informatiomgeshared
via registers within SINDA/FLUINT. Results of timeodeling of each event have been successfully dstraiad
and presented, along with a description of thegiateed modeling approach. This suite will fornoarfdation for
future analytical efforts involving cryogenic upptages within NASA’s Launch Services Program
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X. Future Work

The current thermodynamic tool suite, presente@ihewill be adapted to the current EELV fleet onas needed
basis and can be easily adapted for use on thea@id\CalV, if desired.

Appendix A. Summary of Equations Used In Fluid Suboutines

1. Subroutine ‘BLAYER’ for boundary layer thickreeand mass flow rate;

A. Boundary layer thickness;
1) /x=3.93[(0.952 + Pr)/Gr @r (Laminar)

2) Ix=0.565 GMO[(1. + 0.494 P¥¥) / PFY° (Turbulent)

B. Boundary layer flow rate;
1) mp.= W (0.0833 ) (Lamipar

2) mp.= WYV (0.1436 ) (Turbulent)
where : V (velocity) = (/x) 1.185 GF?[1. / (1. + 0.494 Pf]*?

2. Subroutine ‘BOILALL’ for boiling heat transfer;

A. Critical Heat Flux;
Que= 0.18 v hy[ 9& (- v)/ V1" ( /(s v)”

B. Minimum Heat Flux for Film Boiling;
Qin=0.09 v hg[ tga& (- v) /(o VI

C. Leidenfrost Temperature (i.e. Minimum temgpere required for film boiling)
Tieia= 0.127 (v g/ k) [9 (- v)/(+ W IP°L 19 (- w7
[ V(- )]+ Tsa

D. Departure from film boiling, is a corr&st to T, .jq which often results in
excessive temperature gfprovides a lower limit based upon Ramilison and
Leinhard.

Taio=0.97 (Terit) [0.932 + 0.077 (Ln/ TCrit)gl +0.03 Tsa
E. Nucleate boiling heat transfer coefficient;
H=( T/hg)® @ (- v)/ & )”[Cr/PHCy]®

F. Film boiling heat transfer coefficients;
1) Vertical plate:

H=0943[Rvg v (- v)hg)(X v (Twai—Tsa)] [3600]”
2) Horizontal plate:

H= [c().425/[(|2, g v )()]Ll/-2 v) Ng) 1 (X v (Twan —Tsa))]
gcig(L- v

3. Natural Convection;

A. Curve interpolation of Log Ra vs Log Nu [10' < Ra < 1]
then, H=Nu k/ x
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Vertical correlations:
B. H=0.59 (R¥*k/X) 10* < Ra< 1§
C. H=0.129 (R2%k / x) [0 Ra < 167

Horizontal correlations
D. H=0.54 (R&*k / x) ("< Ra < 2x1§
E. H=0.14 (R&3k / x) 20 < Ra < 3x16f]

4. Molecular Diffusion:

1/2

0.02193 32 B

M A M B
P(rs)2[f ()]

Ficks Law: D,g =
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