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Abstract

Ariane 5 uses a cryogenic upper stage (ESC-A) which meanshithaised propellants are liquid oxygen
(LOX) and liquid hydrogen (LH). The diterent phases (flight preparation phase, main stage and upper
stage flight phase) are described and the specific challéogesed on the hydrogen tank are highlighted.
The occured physicalfiects are explained and some specific equations are giveritigkddly two tools

are shortly presented to analyze the threBedént phases.

1. Introduction

Ariane 5 uses a cryogenic upper stage (ESC-A) which meamnghbaised propellants are liquid oxygen (LOX) at
nearly 90K and liquid hydrogen (LH at nearly 20 K. The mission starts with the launch prepanatihe so called
ground phase), followed by the liftdband main stage (EPC) propulsive phase, the upper stagelgik@pphase and
the so called balistic phase where the payloads (usuallsatallites) are seperated and the upper stage is passivated

Already during the ground phase several physiti&ats occure and influence the tank structure and propellant
behavior.

During lift-off and following main stage propulsive phase the behaviounefitiuid hydrogen is dominated by
sloshing due to acceleration gradients. Just before upgge propulsive phase a mass flow rate is needed to chill-down
(cool down) the upper stage engine HM7B.

Due to entering heat fluxes into the Lithnk a convective flow appears and creates a hot layer neautfeze
and a temperature evolution in LHwvhich is called stratification.

To analyze these fierent phases two tools are used:

1. inhouse code, implemented in Matlab to analyze the gramddmain stage propulsive phase and
2. commercial CFD software package ANS¥FBUENT to analyze the upper stage propulsive phase.

Both tools were validated with several flights and can be @sefibrecast studies or post flight analysis.

2. Overview of LH, behavior during ground and EPC flight phase

During launch preparation several operations regardiagahk filling process (tank cooling, tank filling, toppingdan
pressurization) take place. In Figure 1(a) the level ofitiquydrogen and the corresponding (remaining) mass for the
time period between closure of the filling valve, which istjater propellant loading and topping, and ignition of the
upper stage engine HM7B at K2.1 is shown. HO is the key everffiane 5 lift-off.

Liquid hydrogen is filled at certain pressure (10802 mbar) at saturated conditions. The corresponding tem-
perature is 20.49 0.04 K.

Due to ambient temperature300 K) heat fluxes enter into the LHank. This results in evaporation and the
remaining mass of liquid hydrogen is reduced. Between Im@ggnof pressurization and beginning of chill-down of
the upper stage engine it is assumed that no additional emMamooccurs.
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The time period between closure of the filling valve and ignitof the upper stage engine HM7B at K2.1 can
be divided by 6 sub-phases which are dominated Bemint physical £ects, Figure 1(b):

evaporation of LK, tank contraction due to temperature

outgassing (boiling rate), tank expansion due to redgiiessure

heat fluxes into Lhitank on ground

pressure evolution of atmospheric pressure, heat flaxe4 H, tank during EPC flight
heat fluxes into Likitank during EPC flight

heat fluxes into Lhitank during EPC flight, chill-down mass (flow rate)

ok wbdE

Exemplary level distribution during ground and EPC flight phase

level sensor 1 level sensor 2 ——results inhouse code

value sensor level [mm]

time relative to HO [s]

Figure 2: Exemplary level distribution.

In Figure 2 exemplary distribution of the liquid hydrogendeis shown. It can be noticed that the calculated
level fits very well the flight data at every time slot.

Tank contraction

Due to low temperature the material of Litank changes its properties and the real tank volume shrirtks volume
at determined temperature can be linearly interpolateddmt the volume at ambient temperature (293 K) and cold
temperature (20 K). The volume is then calculated as:

V(T) = Vaox - 1)

293-T |°
Lo 0y 28 ]

293-20

therebyar is the thermal contraction cfigient.
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Tank dilatation / expansion

Due to diferent pressure inside and outside of the ltkhk the real tank volume rises. This has an impact on thé leve
of liquid hydrogen sensor. The volume at determined dekagure can be calculated as:

V(P)=V(T)-[1+ap-AP], (2)

therebyap is the dilatation under pressure ¢oaent.
Evaporation of LH »

After closing the filling valve the hydrogen in the tank iswgated, meaning that the saturation pressure is equal to
the loading pressure. At the contact surface between ligngtigaseous hydrogen additional evaporation occurs. This
physical €fect including phase changes is complex and needs to deyseffis models.

For this reason and to keep the complexity of this model aplsiis possible it is assumed that liquid hydrogen
only evaporated between filling valve closure and start esgurization (sub-phase 1 in Figure 1(b)). There is no
additional evaporation until K2.1. The mass of liquid hygiea is therefore constant between start of pressurization
and start of chill-down (see Figure 1(a)).

Outgassing

Due to saturated condition during tank filling gaseous hgdrois absorbed in liquid hydrogen. During tank pressur-
ization with helium (sub-phase 2 in Figure 1(b)) the gasdouBogen is outgassed. The describing parameter is the
so called boiling ratd. The resulting impact is on level of liquid hydrogen due tamhing the volume of liquid and
gaseous part.

Heat fluxes on ground

After pressurization the entering heat fluxes on grodiund result in a temperature rise:

mcpAT
A ®3)

This corresponds in a volume and finally level increase ofithed hydrogen (sub-phase 3 in Figure 1(b)). Although
the temperature of the liquid hydrogen increases there &ddional evaporation during EPC flight phase.

In Figure 3(a) the heat fluxes on ground as an outcome fromM¥igst Analysis (PFA) for several flights (mean
value and the:30 range) are shown. It can be stated that the values for eabhdlig inside the-30- range.

Qground =

Pressure evolution of atmospheric pressure

During EPC lift-df and flight the atmospheric pressure changes which leadsitcigease of delta pressure and results
in a volume change inside the LHank. From post flight analysis the pressure evolution ofogfheric pressure is
shown in Figure 4(a).

Heat fluxes into LH; tank during EPC flight

During EPC flight the heat fluxes are divided in three parts.tke first 60 seconds the heat fluxes are the same as for
the ground phase. Between H060 s and start of chill-down the heat fluxes are validated flight data as well as
between start of chill-down of HM7B and ignition of HM7B (KD. These dterent time ranges for heat fluxes are
deduced from thermal studies. The heat fluxes corresponddlume and finally level increase of the liquid hydrogen.

Chill-down mass flow rate HM7B
During the cill-down process the lines and valves are codten to ensure the needed temperature conditions. The

chill-down mass flow rate is shown in Figure 4(b).
The used tool is an inhouse code, which is implemented indathd validated with data from several flights.
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Heat fluxes on ground as an outcome from post flight analysis
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(a) Heat fluxes on ground.
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(b) Heat fluxes during flight.

Figure 3: Heat fluxes as an outcome from post flight analysis.
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Pressure evolution of atmospheric pressure during EPC lift-off and flight
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Figure 4: Pressure evolution of atmospheric pressure agidehill-down mass during EPC liftdband flight.
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3. Stratification

Due to external heat fluxes into the LIitank a convective flow appears and creates a hot layer neautfece and
temperature evolution in L§] which is called stratification. When the saturation tempeeais reached the liquid
hydrogen evaporates and bubbles may occur. A small boutalgey of evaporated hydrogen is built over the liquid-
vapor interface and cold liquid from the center of the tantvfido the wall and is also heated.

While draining (during the ESC-A flight) the temperature of fiuid and the steam pressure increase at the
pumps and cavitation can occur. The collapse of these bsildale damage the rotating parts of the pumps, which
causes a mission failure. To avoid cavitation a thermal mnaagsthe critical temperature will not be used for the
mission. Therefore numerical analysis for ESC-A flight isfpened with the commercial CFD software package
ANSYS/FLUENT taking into account the associated physidias.

3.1 Physical Hfects

The Grashof number characterizes this convective flow denisig the heat flux as temperaturéelience between wall
and fluid. The Nukiyama curve illustrates this temperatufieence for dierent heat fluxes. With these experimental
data also the heat transfer ¢oeient can be calculated. Similarly the Rayleigh number diess the flow regime and
points out a turbulent flow for this stratification model wiRa > 10'°. To proof the numerical results the convective
flow velocity can be estimated by introducing an equivaleeyidlds number. The numerical analysis shows good
conformity with the analytical prediction.

For small heat fluxes convective flow is dominant. With risiveat input bubbly flow occurs and increases the
heat transfer into the liquid. Sensitivity analysis haweesded the accuracy of the standard wall function to cateula
heat transfer for bubbly flows. With the properties of lighigtrogen bubble diameter, frequency and nucleation side
density the bubbles rise with a spheric shape and form a pyitnail. I.e. caused by the relative velocity of the
rising bubbles a small amount of liquid is trailed behind bbbles and influences the velocity in the boundary layer.
Analytical analyses have shown that the influence on theeative flow for the ESC-A Lh-tank is negligible what
simplifies the numeric analysis because the gas bubblesnotéd be modeled.

If the liquid exceeds the saturation temperature vapaoaatill occur. With neglected overheating the temper-
ature is limited to saturation by implementing the heat flux:

T
f Cppl ar

. Teat

Oevap = T (4)

3.2 Numerical model

To simulate stratification the commercial computationabfidynamics (CFD) software package ANSFSUENT
12.0 is used. With user-defined-functions (UDF) the stashflanctionality of Fluent is extended by makros in C-code.

The thermodynamic model is built with an axisymmetric getignto analyze the Lkitank with liquid and gas
phase including the structure and insulation materialsidening heat conduction and heat capacity (see Figure 5).
To implement convective, radiative and aerothermal heaefiihe walls are divided in several zones. An equidistant
mesh with 138,000 cells is build and proved by a mesh seitgitimalyses. Pressure inlet and massflow outlet have
the correct position and flow area but tank internal strest@nd lines can not be modeled.

Beginning after topping up the ground phase and all flighsphare simulated. Therefore pressurization, drain-
ing, acceleration and heat fluxes are considered.

To implement the draining phase a volume of fluid (VoF) modehiosen. With an additional continuity equation
the volume fraction of dferent, not inter-penetrating phases and the material giep@re calculated:

110 o .
o a(aqpq) + V(agoqV) = pZ:;(mpq — Myp) | )
p = azp2 + (1-az)p1. (6)
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Figure 5: Geometry and heat flux zones of the;ltahk.

These material properties are considered in the energy amdemtum equation, which can result numerical
inaccuracies for the heat transfer at the phase interfaceavdid this €ect the turbulence paramet€y, of the k-
e-turbulence model is corrected per UDF, which can be confirinean analytical estimation regarding the Froude
number [1]:

C, = 0.125Fr2,, + 0.014Fry 7)

with Fryrp < 0.35.

Regarded in the energy equation the high heat transfer phtige can be avoided. The impact on the momentum
equation, which shows a minimal higher convective flow vityoés negligible.

Numerical and analytical sensitivity analyses have shdvat the limitation of the liquid phase to saturation
temperature has to be regarded by equation (4) as heat sih& energy equation considering vapor and hydrostatic
pressure. No condensation in the vapor phase and no masfetrdoe to vaporization are modeled.

All material properties of the liquid, structure and ingida are temperature-dependent whereby the convective
buoyancy is implemented. Also the time-dependent penatraf helium into the open cell insulation is regarded
which has a significant impact on thermal conductivity andttvapacity of the insulation.

The environment is defined by one and two dimensional arraysJPF in language C. While draining rate,
pressure and acceleration are only time-dependent thérhaafer cofficient is calculated by time and wall tempera-
ture.

3.3 Numerical Results and correlation with flight data

The numerical analyses starts after pressurization andiaraall liquid temperature sensors. It becomes apparant th
the lower liquid layers at tank bottom are calculated toa aghereas the higher temperature sensors near the phase
interface correlate very well (Figure 6).

All temperature sensors in Fluent show a cold liquid layeiclwimoves in outlet direction. The cold bottom
layer can be find in the temperature evolution at the turbgpimtet while draining phase in Figure 6. At the beginning
of draining the calculated temperature at the turbopunsgi isl0.1 K too cold and the mean temperatuiféedénce of
the whole draining phase has a value of -0.13 K.

The correlation with flight data has shown that the enviromineinsuficient defined in respect of stratification.

In comparison with temperature measurements at the steudtarmal inputs are undervalued. Furthermore the heat
flux of the hot pressurization line can not be regarded in @yaxmetric model. The chilldown process and its release
of energy is very complex and not examined in this model. Aifiediturbulence model also has an impact on thermal
conductivity an has to be analyzed. All these inaccuraaieklinitations can explain the temperaturset at the
turbopump inlet.
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Nevertheless it is shown that the numerical analysis ofitation including draining is possible. The accuracy
of the performed reference case is not conservative Hiitint for a first estimation of the stratification profile at
the turbopump inlet. In addition with the simulation of ca@ldd hot case the analysis can be validated to estimate the
stratification profile of future launchers.
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Figure 6: Temperature evolution during draining phase.

4. Conclusion

Two tools were developed and validated with flight data toys®athe behavior of liquid hydrogen inside the tank
taking into account physicalffiects and changing conditions. These tools can be used fecdst studies and post
flight analysis for ground, EPS flight and ESC-A flight phase.
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