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Abstract

Payloads requiring insertion into high altitude orbits are delivered using the upper stages of
chemical rockets (ex., Delta and Atlas classes) normally employing cryogenic propellants. During
the transfer period between orbits, the upper stage may coast for several hours during which time
the thermodynamic state of the propellants may vary due to solar heating. At the conclusion of
the coast phase, and in preparation for orbital insertion of the payload, the propellants must be
within a narrowly defined range of temperature and pressure for the engine to resume operation.
Therefore it is vital to ensure that the propellants are within the specified thermodynamic
boundaries or the engine may not restart, resulting in mission failure. This paper investigates
several simplified analytical and computational models which are used to predict the state of the
propellants at the conclusion of a low to high earth orbit coast phase.

1. Introduction

For pump-fed, chemical engines to operate properly sufficient tank inlet pressure is required
to suppress cavitation in the pump. Solar heating during orbital transfer may result in thermally
stratifying the cryogenic propellants prior to upper stage engine re-start. The thermodynamic state
of the propellant may vary within the tank, and if the propellant drawn into the turbomachinery is
outside a specified temperature and pressure bound the engine may not function. Therefore it is
critical to predict the propellant state at the conclusion of the coast phase and a sufficiently
detailed model of thermal stratification is essential, [1, 8, 11]. Table 1 summarizes the range of
parameters for the current study.

Table 1: Summary of Parameter Ranges

Parameter Range of Parametric | nvestigation
Fluids: Propellants and Cryogens LH,, LOX, LN,, LH,O
LH2 Bulk Temperature, TB LH2, [K, R] I5SK< TB L < 20 K, 27R < TB LH2 S 36 R
LOX Bulk Temperature, Tg;ox, [K, R] OK<Tprox<110K, 162R<Tg1ox <198 R
Driving Temperature Gradient, AT, [K, °F] 0.1 K<AT<4K,0.05°F<AT<7°F
Reduced Gravity Level, g/g 10° < g/gy < 1
Spin Rate, o, [degrees/s] 0.1°s <0 < 10%s
Propellant Tank Geometry Cylindrical with spherical and elliptical end caps
representative of upper stage tank geometries
Initial Tank Fill Volume, Vol ,p.initial 10 % < VOl yropiinitial < 50 %
Simulated Coast Duration 1 — 4 Hours
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Some of the physical phenomena taking place inside the cryogenic propellant tanks include a
microgravity environment, incident solar heat loads, thermal conditioning (usually accomplished
by spinning the spacecraft about its longitudinal axis), buoyancy induced recirculation, molecular
diffusivity between propellants and corresponding pressurants, thermal conduction within the
propellant and tank walls, and surface tension effects. This work develops simplified analytical
and computational models to explore the stratified thermodynamic state of fluids over a range of
conditions for cryogenic hydrogen, oxygen, nitrogen and liquid water. A schematic representation
of the propellant tank, as well as some of the important physical processing taking place, is shown
in Figure 1.

2. Reduced Order Analytical Modeling

Accurate modeling of the propellants requires an understanding of the mechanisms by which
energy and mass are transported within the tank. The principal mechanism is buoyancy-induced
natural convection which is initiated by solar heating of the tank walls. The walls warm the
adjacent fluid and lower its density. Mass is entrained into the free-convection boundary layer
that grows along the inner walls of the tank and is transported to the upper region of the cold bulk
fluid forming a thermally stratified layer. The primary parameter used to classify flows of this
type is the non-dimensional Rayleigh number, Ra, which is a product of the Grashof number, Gr
(ratio of buoyant force to viscous force), and Prandtl number, Pr:

3 1
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The AT is defined as the difference between the wall temperature, Ty, and the cold fluid bulk
temperature, Ty,. Some of these details are also shown in Figure 1.
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Figure 1: Schematic of cryogenic propellant tank and associated physical phenomena



Boundary layer development within the tank is assumed to begin at the bottom edge of the
tank wall. Typically the boundary layer will transition to turbulence around Ra~10° and Equation
1 may be used to solve for the transition distance along the tank wall. For simplicity, the
boundary layer is taken to be either laminar or turbulent. Figure 2 shows a non-dimensional map
of Rayleigh number vs. reduced gravity ratio, g/g,, as a function of wall and bulk temperature
difference for liquid hydrogen, with the flow below and above the horizontal Ra=10’ line
corresponding to laminar and turbulent boundary layers, respectively.
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Figure 2: Example of non-dimensional map of Ra vs. reduced gravity ratio, g/go, for range
of parametersfor which boundary layer flow will be turbulent or laminar for LH,

Behavior of the free convection boundary layer has been analyzed in detail by Eckert [3] by

comparing free convection flow to a forced convection case of the same geometry. The turbulent
velocity and temperature profiles are:

U= ul(y/5)1/7(1—y/5)4 " = 1,185KGr1/2(1+0.494Pr2/3)71/2
X
0-0,0-(v/6)") 5 = 565G Prr1S (140,494 P Y0 3

These expressions for the boundary layer velocity and temperature profiles are the basis for other
models found in the literature, [1, 11]. Eckert also correlates Nusselt numbers for both laminar
and turbulent regimes by comparison to experimental data:

Nu=CGr*”° Pr’"* (1+0.494Pr**)?"* Cruv=0.0295 and C,,=0.0246 4



Using Eckert as a basis for a thermal stratification model, Bailey [1] combines the
expressions of integral mass and energy balances into the boundary layer. This model assumes
that heat enters the tank through the boundary layer and that all mass flow through the boundary
layer will be driven to the surface by buoyancy forces. Mass is entrained into the boundary layer
and transported to the surface of the liquid where it forms a warm, well mixed stratum at a
uniform temperature that varies with time. Boundary layer flow is driven by a constant wall
temperature that is hotter than the liquid bulk, which yields a mass flow rate into the stratum,
Equation 5, as well as the temperature of the stratum, Equation 6:
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This simplified model captures the general physical phenomenon of thermal stratification
using mass and energy balances, however it has several limitations including the lack of a
temperature profile within the stratum. The actual stratum layer would have a temperature profile
with the hottest liquid on the surface. The model also does not take into account any interaction
between the liquid and the ullage gas adjacent to it, which may be an important energy exchange
mechanism depending on the conditions within the tank. Lastly, this model assumes there to be a
constant and uniform wall temperature that drives the heating of the bulk liquid. For most
situations, the tank will be exposed to a radiative heat flux resulting in a non-uniform wall
temperature on the inside of the tank.

Tellep [11] also uses the boundary layer temperature and velocity profiles as analyzed in
Eckert along with mass and energy balance into the boundary layer and stratum. The most
significant differences between this model and the model presented by Bailey are the assumed
one-dimensional stratum temperature profile, the buoyancy flow being driven by a constant heat
flux instead of a constant temperature, as well as allowing for some energy exchange to the ullage
gas from the stratum. This model yields expressions for the depth of the stratum and the surface
temperature with time:
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In Equations 7 and 8, ®=vt/H? I is the non-dimensional energy integral, and L, is the latent heat
of vaporization.

Using the literature models presented by Bailey and Tellep, thermal stratification for various
levels of reduced gravity, fluids and coast times was examined. It was found that because of the
assumptions employed in the Bailey model, it consistently provided the shortest time to
stratification and thus a worst case estimate. Using this model, Figure 3 shows the percent of cold
bulk fluid remaining in the tank (that which has not been converted to warm stratum) as a
function of time for LH,, LOX, and LH,O at two different reduced gravities, g/g,=10~ and 10
For each of the fluids, the tank will stratify faster with higher reduced gravity because the process
is driven by buoyancy forces which increase proportional to the gravity. Stratification occurs
more rapidly moving toward the lower left corner of the plot with water stratifying most quickly,
followed by liquid hydrogen and then liquid oxygen.
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Figure 3: Plot of stratification with time for fixed AT=1K and g/g,=10? and 10* for LOX,
LH,, and LH,0. Stratification occurs more rapidly moving toward the lower left of the plot.

Figure 4 demonstrates the dependence of stratification on reduced gravity for LOX propellant.
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Figure 4. Plot of stratum temperature versus reduced gravity ratio as a function of tank
wall and bulk temperature difference at 3 hours. LOX isinitially at Ty,x=91 K.



The figure shows the temperature of the stratum at the end of a three hour coast as a function of
reduced gravity ratio. Again the stratum is warmer for stronger gravity because of the physical
dependence of buoyancy. There is also a strong dependence on the thermal properties of each
liquid which results in the different rates of stratification demonstrated in Figures 3 and 4. In each
of the cases, the hot wall temperature was chosen to be below the boiling temperature of the
cryogens to simplify the heat transfer. In future simulations this assumption will be relaxed and
boiling heat transfer modes will be included.

In order to achieve uniform thermal conditions, the upper stage is usually spun about its
longitudinal axis at a rate of around 1degree per second. To capture the influence of tank rotation,
a simplified analytical model was developed. When a contained volume of liquid is in steady-
state, rigid body rotation the free surface will form a paraboloid of revolution. The model
accounts for the change in shape by increasing the surface area being heated to include the height
the liquid rises (along the walls) above the non-rotating case. This causes the liquid to heat up
faster than when the tank is non-rotating due to increased heating area for the same volume of
fluid. In order to arrive at a percentage of the bulk remaining at a given time, the model uses the
vertex of the stratified parabola as the point of reference. Since the outlet for the propellant to the
turbomachinery is typically located at the bottom-center of the tank, it is advantageous to
determine the warmest temperature at that point. Figure 5 demonstrates results using liquid
hydrogegl and shows the percentage of bulk remaining at the vertex for a reduced gravity ratio of
g/g=10".
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Figure5: Bulk depth from bottom of stratum versustimefor LH, asa function of tank spin
rate about longitudinal axis for g/go=107.

Keeping all other parameters constant, for higher rates of rotation, the liquid will stratify
more quickly than the non-rotating case. However, it is important to note that for spin rates on the
order of 1 “/s, the stratification versus time profile is essentially unaffected. However, if the spin
rate is increased to 5 °/s the shape of the free surface is significantly altered and the stratification
may proceed much more quickly.



The analytical models provide useful approximations but assume steady-state, solid body
rotation and a fully established boundary layer. However, both time scales may be a significant
fraction of the total coast time for low reduced gravity ratios. For example, it may only take ten
seconds for the boundary layer to reach steady-state in high gravities, but it could take over an
hour to reach steady-state when the gravity is lower than 0.1% of gy. Low gravity also increases
the steady-state time scale for a rotating liquid to achieve solid body rotation, which may also be
on the order of an hour(s). Another feature not captured by the analytical models is the presence
of secondary flow recirculation that is induced by the upward flow in the free convection
boundary layer. This flow is then forced downward along the centerline of the tank, dragging
warm stratified fluid with it. It is unlikely that this effect can be easily captured using simple
analytical models as the magnitude of the recirculation zone, which is set by the density gradient,
will vary with time. For this reason, simplified computational models have been developed to
assess the importance of these effects.

3. Computational Modeling

The FLUENT CFD program was employed to investigate the affect of physical phenomena
not captured in the analytical models. For the rotational cases FLUENT is also used to determine
the time scales required to achieve steady-state, solid body rotation as a function of the spin rate,
reduced gravity, tank geometry and fill level.

3.1: Thermal Stratification Modeling

Uniform and non-uniform structural grids were created in GAMBIT to optimize
computational time and accuracy. Preliminary results indicate that the formation of the stratified
layer in a mesh with a boundary layer scheme is similar to that of uniform mesh, although the
non-uniform grids often require much greater computational time. Average CPU time to complete
100 time steps for the non-uniform mesh is about 8 hrs, while the simplified uniform mesh takes
around 2.5 hrs. After a grid resolution study a 38 by 38 uniform mesh was used to study a laminar
flow free convection case. A coupled second order implicit solver is used and flow equations and
Reynolds stress equation are simulated with a first order upwind scheme. Turbulence kinetic
energy and turbulence dissipation rate are computed using the QUICK scheme. The scheme takes
weighted average of second order upwind and central interpolations, [4]. The Courant Number is
set to 0.5. The criterions for the convergence remain default; 10 for the energy equation, 10~ for
the continuity, velocity and turbulence components.

In addition to the laminar cases, the flow within the 2-D cavity will be turbulent if Ra > 10°,
and these represent more likely cases for the actual spacecraft. To capture the flow a RNG
turbulence model with enhanced wall function and full buoyancy effect is chosen while a
Boussinesq approximation computes the flow due to buoyant force. Initial conditions for
turbulence kinetic energy and turbulence dissipation rate are 0.01 m?*s®* and 0.01 m%/s’,
respectively. Also a pseudo initial velocity of 10" m/s is added in the vertical direction, which
helps initial convergence. This artificial velocity causes some fluctuations at the beginning of the
simulation, but is quickly washed out by the free convective flow.

Figure 6 provides an example using CFD to capture the effects of stratification for liquid
water in a square tank. Each of the figures is a temperature contour plot. In each case there is a 5
K temperature difference between the wall and the bulk fluid, and the lower wall is maintained at
a temperature equal to the initial bulk temperature. The three columns represent three reduced
gravity levels, g/go=1, 0.1, and 0.01 proceeding from left to right. Each horizontal row represents
a fixed time. The non-dimensional Rayleigh number for these simulations was selected to be in
the laminar range and is Ra=7.5x10’ for all cases.
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Figure 6: Example of CFD calculations for H,O stratification. Ra=7.5x10° indicating a
laminar flow. Thethree columnsrepresent threelevels of reduced gravity, g/ge=1, 0.1, and
0.01. The difference between wall temperature and bulk fluid temperatureis5 K. The lower
surfaceis maintained at constant temperature equal to theinitial bulk temperature.




The temperature contour plots of Figure 6 show the same trends as the analytical models, but
with an increased level of detail of the actual flow field. For the high gravity case, the thermal
stratification is clear and envelops more than half the tank at 150 seconds. Conversely, at a
reduced gravity level of 0.01, there is essentially no vertical stratification after 150 seconds.
Similar trends are observed using the analytical models, but the assumption of a uniformly mixed
and uniform temperature stratum lacks the fidelity that may be obtained from the CFD
simulation. The plots also show that there are multiple ways to define the thermal stratification,
for example if the bulk has changed by 0.1 or by 0.5 K.

3.2 Rotational Flow Modeling

As an effort to validate the preliminary rotational model, CFD has been employed to simulate
liquid in a rotating tank. Preliminary cases have been completed using water in a square tank over
a range of rotation rates and reduced gravity levels. Figure 7a shows an example of a comparison
between the computational case and the analytical expression for the free surface of the parabola,
which is given by Equation 9.

D1 -3rads, 1g

1
0 005 01 015 02 025 03 035 04 045 05

Figure 7a: Example of CFD simulation to Figure 7b: Example of velocity oscillations
capture effect of rotation. Figure showsright during timeto establish steady-state, rigid
half of a squaretank aswell asthe neutral body rotation asthe gravitational and
liquid line (non-rotating). Thetank is centrifugal forces balance each other. The
spinning at w=3 rad/sec and thereduced velocity ismeasured at a point in the liquid
gravity level is 1. Agreement with the phase and is shown to shown to decay to near
analytical parabolic shapeisalso shown. zero after about 10 seconds.

In Figure 7a the reduced gravity is set to 1 and the spin rate is 3 radians/second, or 171 °/sec. The
numerical solution agrees well with Equation 9. This high spin rate was chosen so that these
conditions could also be duplicated in the laboratory. Cases have also been simulated where the
vertex of the parabola extends beyond the lower surface of the propellant tank.

Computational simulations also predict the time required for liquid in a rotating tank to reach
a steady state. When the container is impulsively set into motion there as an imbalance between
the gravitational and centrifugal forces, which results in an oscillatory behavior of the liquid. As
time progresses these forces equilibrate and a steady-state, solid body shape is achieved. Figure
7b shows the time history of the velocity magnitude of a point located in the liquid, below the




free surface. For the case shown in Figure 7a, the velocity is seen to damp quickly and approach
zero after about 10 seconds. However, simulations performed with a low reduced gravity take
much longer to reach a steady state, and for reduced gravities on the order of 10~ and spin rates
of 1 °/sec., the steady-state time scale is on the order of hours. The implications of this oscillatory
motion are that thin layers of the cryogenic propellant may be thrown against the hot internal tank
surfaces leading to rapid boil off and a change in pressure within the tank. Consequently this
change in pressure may lead to venting of the propellant resulting in less total propellant available
at the conclusion of the coast phase. The spacecraft’s settling thrust at the initiation of the orbital
coast should keep the gravity levels moderately high which will encourage relatively rapid
formation of the steady-state free surface parabola.

Future Work

The initial work presented here utilized a constant wall temperature, whereas the spacecraft
tank walls are heated with a constant solar heat flux. The numerical simulations will be also
examined with a constant heat flux and compared to the analytical predictions. The combined
effects of stratification and rotation have not been explored in the numerical simulations. The
next step is to combine the rotation and free convection cases into a single, time-dependent CFD
model in order to capture the coupling of the rotation and the free convection. Some repression of
the boundary layer as a result of the outward centripetal force may be expected, which could
diminish the stratification but may also augment the heat transfer. These affects are not addressed
in the analytical model introduced in this paper. Additional CFD work is to include spherical end
caps on the tank to examine how the free convection is altered by a curved surface. Splash baffles
and an isogrid will also be added on the internal walls of the tank to determine their potential
impacts on propellant behavior during rotation and stratification.

Other effects which will be analytically modeled include nucleate and film boiling within the
boundary layer and energy exchange with the ullage along the free surface of the stratum. Boiling
is expected to occur at some point during the coast phase due to the thin layers of fluid near the
wall. Spacecraft reorienting maneuvers resulting in fluid slosh also represent situations when
boiling is likely to occur.

Summary and Conclusions

To ensure proper operation of upper stage engine turbomachinery after an orbital transfer
coast, accurate modeling of the thermodynamic state of the propellants is needed. This paper
serves as an introduction for examining various levels of analytical and computational models to
capture a wide array of physical processes that may be taking place inside the cryogenic
propellant tanks. The focus of initial efforts has been to examine thermal stratification and
thermal conditioning of the stage through rotation about the spacecraft’s longitudinal axis.

While the analytical models available in the literature capture important trends associated
with thermal stratification, CFD may be used to examine a much greater level of detail, including
the free convection boundary layer establishment time scales and the effect of secondary flows
within the bulk fluid. For a rotating tank at various reduced gravity levels and rotational rates,
CFD may be used to estimate the time scale necessary to achieve steady-state, solid body
rotation. For low reduced gravity cases around g/g0=10", this time scale may be on the order of
an hour. This paper also introduced a simple extension of the literature models to include first
order effects of spacecraft rotation on thermal stratification. The model indicates that at a reduced
gravity ratio of 10~ and a rotation rate of 1%sec. there is little effect on thermal stratification
relative to the non-rotating case. However, if the gravity level is lowered or the rotation rate
increased, the time for stratification of the fluid may be significantly reduced. Furthermore there
exists the potential for throwing all the liquid to the walls and leaving a dry area at the base of the
tank where the inlet to the turbomachinery is located.
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Nomenclature

Cp

g
Gr
Gr*
h

H
L
Nu
Pr

q
R

Specific heat at constant pressure, J/kg K
Gravitational acceleration, m/s*
Grashof number

Modified Grashof number, gBqH"/ « v*
Heat transfer coefficient, W/m> K
Height of tank, m

Characteristic length scale, m

Nusselt number

Prandtl number

Heat flux, W/m?

Radius of tank, m
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—

Volumetric thermal expansion coefficient, 1/K
Depth of stratified region, m

Boundary layer thickness, m

Temperature difference, K

Temperature difference in boundary layer, K
Thermal conductivity, W/m K

Viscosity, Ns/m?

Kinematic viscosity, m*/s

Density, kg/m’

Spacecraft rotational spin rate, degrees/second
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