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Introduction

The purpose of this white paper is to describentbéhods used to predict the
survivability of a titanium tank loaded with frozégdrazine reentering the Earth’s
atmosphere. The paper begins by describing tlalslef the problem, followed by the
methods used to gather required data for a resitrylation. This paper also presents
results created during the analysis. The focubk@paper is a discussion of the heat
transfer methods used; therefore, only a briefudision regarding calculations of net
heat rates to the body, trajectory calculationd, @erodynamic calculations are
presented.

Problem

The initial presentation of the problem was thaa ®#ank containing frozen hydrazine
(N2H4) contained within a vehicle reentering thm@$phere due to natural decay from a
nearly circular orbit. The tank is essentially sptal with a diameter of 1.0414 meters
(41 inches) and a wall thickness of 0.00356 m€teds} inches). In addition, the tank
contained 453.59 kg (1000 Ibs) of frozen N2H4.

Propulsion Tank

* Very close to spherical
* (see red line below)

e 41” diameter

° 0.140” thick Ti wall

* 106 Ibs dry

* 400 psig operating pressure

e 1000 Ibs N,H,

Internal bladder
and bladder restraint

/support




Gathering Required Data for Modeling

The properties of N2H4 required for the analysisentbe specific heat capacity (Cp),
thermal conductivity, density, emissivity, heatfasion, oxide heat of formation, and
melting temperature. These values are summane&dble 1 below. The specific heat
capacity for liquid was found to be 3084.1 J/kgRef. 1). Using a relationship between
the specific heat capacity of ice to that of wéggproximately 0.506), Cp for liquid
N2H4 was multiplied by that value to get a value.659.45 J/kg-K. The thermal
conductivity was found to be 1.57 W/m-K. The dégnsf N2H4 was found to be 1025.3
kg/m® at 0° C which is below the freezing point of 2{Ref. 1). An emissivity value of
0.5 was arbitrarily assigned. The heat of fusmnN2H4 was found to be 395024.9 J/kg
(Ref 1.). The oxide heat of formation was set,ta®this value only applies to metals.
Finally, the melting temperature was found to b& R7

Property Value
specific heat capacity, Cp (J/kgK) 1559.45
thermal conductivity, k (W/mK) 2.4
density, rho (kg/m®) 1025.3
emissivity, 0.5
heat of fusion (J/kg) 395024.97
oxide heat of formation (J/kg-02) 0
melting temperature, Tm (K) 275

Table 1 - Summary of N2H4 Properties

In addition to the properties of the N2H4, the sgraperties were required for Ti, which
in this case was assumed to be Titanium (6 Al-4 KQr this material Cp, thermal
conductivity, and emissivity are all temperaturp@®dant, and plots of these values can
be seen below in Figures 1-3, respectively. Theareing values are summarized in
Table 2 below (Ref. 2).

Property Value
specific heat capacity, Cp (J/kgK) Figure 1
thermal conductivity, k (W/mK) Figure 2
density, rho (kg/m3) 4437
emissivity, Figure 3
heat of fusion (J/kg) 393559
oxide heat of formation (J/kg-02) 32481250
melting temperature, Tm (K) 1943

Table 2 - Summary of Ti (6 Al-4 V) Properties
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Figure 1 — Specific Heat Capacity (J/kgK) of Ti (BAl-4 V) vs. Temperature (K)
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Figure 2 — Thermal Conductivity (W/mK) of Ti (6 Al-4 V) vs. Temperature (K)
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Figure 3 — Emissivity of Ti (6 Al-4 V) vs. Temperatire (K)
(Note: For temperatures below 400 K emissivity isanstant 0.54 and for temperatures above 1300 K ersisity is
a constant 0.46)

Modeling the heat transfer through and into a phytfilled tank undergoing reentry into
the atmosphere presents several challenges. Thme®f the tank is approximately
0.579 nt of which the N2H4 occupies 0.442 rassuming a density of N2H4 at 0° C of
1025.3 kg/m and the mass of 453.6 kg. The remaining volunméaios a pressurant and
an internal bladder and bladder restraint/suppbte N2H4, therefore, is in contact with
only a portion of the interior wall of the tanknitially, the principal heat transfer modes
would be via conduction where the N2H4 is in conwith the tank wall and via
radiation elsewhere.

Based upon experience, the vehicle containingahk will probably break-up due to
aerodynamic forces at an altitude of approximaf@km. At this time the tank should
separate from the vehicle intact under spin, aegtiessure inlet and the N2H4 outlet
lines should be severed. These lines normallyrea@e of lower melting temperature
materials and, again from experience, are assumdrh off completely during reentry,
resulting in the release of the pressurant anéxpesure of the frozen N2H4 to a small
outlet opening. The effect of the openings onhibat transfer process are assumed to be
negligible.

If the heat transfer process is sufficient to peimtially melting of the N2H4 in
immediate contact with the inner wall of the tathis liquid N2H4 will be susceptible to
expulsion from the tank, hindering potential cortigat processes. If sufficient N2H4 is
melted, the remaining frozen N2H4 would no longefibmly in contact with the inner
wall of the tank and would be susceptible to inémovement and fracture from forces
associated with the spinning, decelerating tank.



Two bounding heat transfer modeling techniques wenrsidered. The first envisioned a
solid ball of frozen N2H4 in the center of the tamikh a vacuum (following
depressurization of the tank at the time of vehckak-up) between it and the tank inner
wall. In such a case, the principal subsequentthe@asfer mode into the N2H4 would be
via radiation. Alternatively, the N2H4 could bevesioned as a uniform shell, i.e.,
material layer, affixed to the complete inner wadlthe tank with a dead space in the
center. This internal layer of N2H4 would havé@kness of 0.197 m. Both cases were
analyzed. The second case (material layer), rglgmmore efficient conduction heat
transfer processes, would represent a better apptyrfor melting of the N2H4 and is
described below.

The initial temperature of the tank and the N2H4 wditated to be 214 K for this study,
although the actual temperature would very likedyhigher. The initial relative velocity
at an altitude of 78 km was set to 7.58 km/sec,thadnitial flight path angle was chosen
as -0.2°, a standard value for a spacecraft raagtBom a nearly circular orbit.

Trajectory

This analysis utilized a 3-Degree-of-Freedom (3-D@&ectory propagated by
integrating relative equations of motion for thaeirate of change of altitude, relative
velocity, relative flight path angle, and longitud€o solve these trajectory equations a
4™ order Runge-Kutta numerical scheme is used. Ftabdecay the relative velocity
and flight path angle are input, which for thiseagere 7.58 km/sec and -0.2°,
respectively. Since this is an uncontrolled reeatr initial longitude of 0° is assigned.

Atmosphere

The atmosphere model used for this analysis wabltfg& Standard Atmosphere 1976
model (Ref. 3). This is a steady-state (year-ropumadel of the Earth’s atmosphere at
latitude 45°N during moderate solar activity.

Aerodynamics

The drag coefficient is used to compute the ballsbefficient contained in the trajectory
eqguations for time rate of change velocity. Thespnt analysis was for that of a sphere,
which was considered to be spinning. For a spmsphere there are two constant values
of the drag coefficient; one for the free-molecuksgime, and one for the continuum
regime, which are 2.00 and 0.92, respectively. tReitransitional regime a modified
Lockheed bridging function based on referenceutel as:

Co,, = o G, - G ffsip(05+ 02510g, K]}’ (1)

where the continuum and free molecular values sugbave, and Kn is the Knudson
number.

Aerothermodynamics

The methods used to calculate convective heatiieg ra this analysis are based on the
object geometry (in this case a sphere), Stantanao Knudson No. within free-
molecular flow, continuum flow, or transitional ¥floin which a bridging function is used.



For a sphere the stagnation point cold wall heatag in continuum flow is obtained
from the Detra, Kemp and Riddell method of refeeec For free molecular flow the
following equation is used:

_a.rNg
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where a,; =thermalaccommodabn coefficiert = 0.9.

This equation applies for values of Knudsen numpegater than 10.0. If the thermal
accommodation coefficient of equation 2 were seiaétp 1, the stagnation heating rate
would give the maximum heat rate due to kineticgynén the flow. For transitional
flow (0.01 < Kn < 10), the variation of Stanton Nersus Knudson number based on
Cropp (Ref. 6) is obtained from a table look up #mlstagnation point heat rate is
defined by:

&,.. = S{05r,Vy) 3)

where St is the Stanton number,is the free stream density, and Vs the free stream
velocity.

The cold wall heating rate is multiplied by a fadiwat accounts for the average heating
over the surface due to spinning of the spher&®fa@r continuum, and 0.25 for free
molecular). This cold wall heating rate is themwerted to a hot wall value based on the
following enthalpy ratio:

hst - CpairTw
- hst - CpairTcw

O = G (4)

where stagnation enthalpy,hs computed as

2

hst = \/; + CpairT¥ (5)

whereV, is the free-stream velocity and the temperatutéetold wall,T,,, is set to
214 K in this analysis. The specific heat of &p,, , is taken as a function of wall

temperatureTy,
J

Cp,, =1373 : T, 3 2000K
kg- K
Cp,, =9599+0.15377,, +2636 10°T/, 300K £T,, £ 2000K (6)
Cp,, =1004.7 J : T, £ 300K
kg- K



The net heating rate to a reentering object is agetpas the sum of the hot wall heating
rate, the oxidation heating rate, and the gas adiative heating rate (negligible for
orbital or suborbital entry), minus the reradiathasating rate. The oxidation heating rate
is based on the heat of oxidation of the matendl @n oxidation efficiency (usually
assumed to be the mean value of 0.5). The reradiaéat rate is based on the time-
varying wall temperature raised to the fourth poesed the surface emissivity.

Heat Transfer

For a spinning sphere this analysis assumed a &Dcbeduction model, meaning that
heat was assumed to be conducted only in the rdaeation. With the N2H4 being
treated as a material layer of the sphere, a stdriuiéte difference method was used.
Utilizing a Forward Time Central Space finite drface solution for a hollow sphere, the
temperature response can be determined. Theattfal equation for this 1D thermal
math model (TMM) is written in spherical coordinagss:
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At each interior node j in a 1D TMM, the temperatis computed using the following
finite difference relationships for the absorbedth@:

Q,=¢(T.,- 7)ot ()

Qu =0T - T Dt ©)

T e e 10)
mCp

where the subscripts i, j refer to the current gand node (j=1 being the interior node),
respectively, and G is the radial conductor defiagd

_ Ak
G=g"r (11)

nn

where k is the thermal conductivity defined in thatemial properties and m is the mass
of the node.

At the surface

Toan = % +Toq (12)
Q.= G(Twall - Toa )D t (13)
Onet = Ghw + Oox = O (14)



where getis the net heating rate to the outer wall, ig the hot wall convective heating
rate, @x is the oxidation (or chemical) heating ratg jgjreradiative heating rate, and A
is the surface area. Since several parametedegsndant on the surface temperature,
an iteration is performed to converge to the s@rteenperature at each time step (Ref.
2).

In order for the outer Ti skin to lose nodes ol the absorbed heat must be greater
than the heat of ablation, or

Qin > Hablat - n{hf + Cp(TmeIt' TI)] (15)

where h = the heat of fusion for the material, and m & tiass of the layer.

Results

Under the initial conditions and modeling technigdescribed above, it was found that
the N2H4 located inside of the Ti tank does not re@cielting temperature, only
reaching a maximum temperature of 255.6 K. Duringtilme the Ti tank does reach
1943 K, its melting temperature, and four of itefivodes do ablate, but the heat
absorbed into the Ti is insufficient for it to atddhe final node based on Eg. (15). Using
the mass of 453.6 kg, and the assumed heat cajpfdi§p9.45 J/kg-K, the N2H4 would
have needed to absorb 43.15 MJ of energy (hedilafian) to reach 275 K from the start
temperature of 214 K. It only absorbed 29.34 MAlmut 68% of that.

Figure 4 below shows the net heating rate to the @skvell as each of the heating rate
components used to calculatg:qall with respect to time. It can be seen frompiloe

that the maximum net heating rate occurs earljenttajectory (at about 10 seconds),
reaching about 22 W/cim Figure 5 shows the net heating again, as wehasotal
absorbed heat into the body and the total heatladdonto the N2H4 layer, again with
respect to time. As addressed above, the maximatrahsorbed into the N2H4 is about
29.34 MJ. Figures 6 and 7 both plot the tempeeatfithe N2H4 as a function of time,
with figure 6 including the tank surface temperatame figure 7 showing an expanded
scale of the N2H4 temperature.



Figure 4 — Component Heat Rates (W/cA) vs. Time (s)
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Figure 5 — Heat Absorbed (MJ) and Net Heating RatéW/cm?) vs. Time (s)
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Figure 6 — Ti Surface and N2H4 Layer TemperaturesK) vs. Time (s)

Figure 7 — N2H4 Layer Temperature (K) vs. Time (s)
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Conclusions

As applied in this analysis, the assumptions fomtla¢erials and the heating rate methods
do not predict that the N2H4 would melt during regidine to orbital decay. In addition

to these assumptions, there are also simplificatioade for this analysis which may
impact the results. The treatment of the frozen NBeR!lpresented itself as a unique
challenge.

Of the N2H4 material values used in the present aisaly®e specific heat capacity
remains to be the one value based on the propeft@ser materials. In addition, most
of the material data used here is set to constnes, while typically material properties
show some sort of temperature dependence. Any irpremts to the material model of
N2H4 will impact the results produced.

The simplification in this model which could have tlargest impact is also difficult to
address. It is extremely likely that the N2H4 in taa with the Ti wall will melt away in
layers. As modeled in this analysis, the N2H4 iateé as a single layer, meaning that
enough heat must be absorbed to raise the tempeditthe entire mass of N2H4, and
then enough heat must be absorbed to melt theeantiss. Current limitations in the
process being used prevent the option of splittvegN2H4 into multiple layers, thereby
impacting the fidelity of the model in this scemariAs noted previously, any melted
N2H4 might be expect to be expelled from the tankubh the open propellant outlet or
even through the pressurants inlet, if the bladklewptured. In such a case, the principal
heat transfer mode would reset to conduction.
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