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Destruction of a solid rocket stage of a launch vehicle can create a thermal radiation
hazard for an aborting crew module. This hazard was assessed for the Constellation
Program (Cx) crew and launch vehicle concept. For this concept, if an abort was initiated in
first stage flight, the Crew Module (CM) will separate and be pulled away from the
malfunctioning launch vehicle via a Launch Abort System (LAS). Having aborted the
mission, the launch vehicle will likely be destroyed via a Flight Termination System (FTS) in
order to prevent it from errantly traversing back over land and posing a risk to the public.
The resulting launch vehicle debris field, composed primarily of first stage solid propellant,
poses a threat to the CM. The harsh radiative thermal environment, caused by surrounding
burning propellant debris, may lead to CM parachute failure. A methodology, detailed
herein, has been developed to address this concern and to quantify the risk of first stage
propellant debris leading to the thermal demise of the CM parachutes. Utilizing basic
thermal radiation principles, a software program was developed to calculate parachute
temperature as a function of time for a given abort trajectory and debris piece trajectory set.
Two test cases, considered worst case aborts with regard to launch vehicle debris
environments, were analyzed using the simulation: an abort declared at Mach 1 and an
abort declared at maximum dynamic pressure (Max Q). For both cases, the resulting
temperature profiles indicated that thermal limits for the parachutes were not exceeded.
However, short duration close encounters by single debris pieces did have a significant effect
on parachute temperature. Therefore while these two test cases did not indicate exceedance
of thermal limits, in order to quantify the risk of parachute failure due to radiative effects
from the abort environment, a more thorough probability-based analysis using the
methodology demonstrated herein must be performed.

Nomenclature

= Area of Nylon

= Area of spherical debris
= Specific heat of nylon
= Crew Module

= Constellation

= Magnitude of D

= Vector of distance between parachutes and a debris piece
= View factor

= First Stage

= Flight Termination System

= Launch Abort System

= Loss Of Crew

= Liquid Oxygen

= Maximum dynamic pressure of a trajectory
= Mission Elapsed Time

= Energy

= Heat flux

= Radius of a spherical debris piece
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T = Temperature

€ = Emissivity of parachutes

c = Stefan-Boltzmann Constant

PN = Mass to Area ratio of the parachute nylon.

01 = Angle between normal vector of A; and the vector D
0, = Angle between normal vector of A, and the vector D

I. Introduction

A solid rocket stage on a launch vehicle can create a thermal radiation hazard for an aborting crew module. This
hazard was assessed for Constellation’s (Cx) Ares I launch vehicle and Orion crew vehicle. The propulsion system
of Ares | consists of a first stage solid rocket motor and a liquid oxygen (LOX) and liquid hydrogen upper stage. If
an abort is initiated during first stage flight, the Orion Launch Abort System (LAS) is fired to quickly pull the Orion
Crew Module (CM) away from the launch vehicle in an effort to save the crew. During this abort there is an option
to detonate the “headless” launch vehicle for public safety. Detonation of the Ares | results in thousands of
fragments thrown outward from the destruct location. In such a scenario, there is a risk that launch vehicle debris
could strike the CM and lead to a Loss Of Crew (LOC) event. The majority of these debris fragments originate from
the first stage propulsion system and are comprised of burning solid rocket propellant. The risk of debris strikes in
first stage abort scenarios have been studied in depth by the Cx Program. However, a secondary debris concern
exists - the thermal effects of burning solid rocket propellant on the CM, and specifically on the parachute system.

An abort trajectory analysis on Ares | was performed using a first stage debris catalog, which utilizes a vehicle
specific debris database to generate propellant debris characteristics. This debris database is a heritage-based/First
Stage (FS) debris catalog. From this analysis we observed that aborts in the Mach 1 and maximum dynamic pressure
(Max Q) regions could result in the CM being surrounded by debris for a significant portion of the abort trajectory.
When the parachutes are deployed, there is a possibility of parachute failure from burn through. Therefore, a
methodology was developed to calculate the CM parachute temperature profile for a given abort trajectory and a set
of debris trajectories.

1.  Assumptions/Limitations

To develop and test the validity of the methodology, several assumptions were made to simplify the problem.
These assumptions, listed below, represent conservative conditions for the problem.
e The debris pieces are spherical and radiate as blackbodies.
e  The ambient temperature (T,mp) is 50°F (283 K).
e The debris burns (Tsyenan) at a constant 4000°F (2478 K) through the entire abort trajectory.
e There is no heat transfer between debris, therefore all debris pieces are at the same temperature.
e Only radiative heating is analyzed; convective cooling is ignored.
The next set of assumptions is based on Ares | and Orion data, which were obtained from the Cx Program.
e The nylon parachutes have an emissivity (g) of 0.899.
The parachutes failure temperature is 150°F (339 K).
Debris density is 1811.1 kg/m® (used to determine debris size).
The sample area of the parachute is, A; = 1.0 [m?].
The Stefan-Boltzmann constant (o) is 5.669e-9 [W/(m*K?)].
The Specific Heat of nylon (C) is 1.7 [J/(gK)].
The density of nylon per square area (py) is 33.9049 [g/m?]

I11. Methodology
The foundation of this methodology will be based on the Stefan-Boltzmann Law:
q=e0T” (Ref. 3) 1)

The problem is constructed as a three body system, as depicted in Fig. 1. The nylon (body 1) is a section of the
parachute. The fireball (body 2) is the collection of burning debris. The third body is the portion of the sky that is
not obscured by the fireball. Our approach was to analyze the heat flux absorbed and expelled by the nylon, by using
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the Stefan-Boltzmann Law to write two equations: one that represents the heat flux imparted to the nylon from the
fireball, and one that represents the heat flux radiated out from the nylon to the sky:

Qi, = go_(Tf?reball _Tné)lllon) 2

Qi, = gO-(Tn?/Ion - Ta‘:nb) 3)

Equation (2) assumes all of the radiated heat from the fireball is directed at the nylon. This is not the case, since
the fireball is a 3D object that radiates in all directions. Equation (3) uses the same assumption, but corresponds to
the relationship between the nylon and sky. To account for this assumption, Eq. (2) and Eq. (3) will need to be
multiplied by a view factor. The view factor is. defined as “the fraction of radiation leaving one surface that is
intercepted by a second surface.” When relating several bodies, the summation rule applies: F1,+F5=1. Applying
the view factor and summation rule on Eq. (2) and Eq. (3) results in:

qin = go_(Tf?reball _Tn‘)lllon )F12 (4)
qout = SO-(Tn‘)‘/Ion _Ta‘:nb )F13 -
Qout = go-(TnA;/Ion - Ta‘:nb Xl - I:12 ) 5)

Example: ~5° of
“View“
(actually is ~cone, in

Body 1 - Nylon
Body 2 - Fireball
Body 3 — Atmosphere

l/Body 1/

Nylon Chute Sample

Figure 1. Diagram of Thermal Problem

The system has two equations, Eq. (4) and Eq. (5), and four unknowns: din, Qout, Tnyion, @nd F12. Since the goal is
to create a temperature profile of the nylon, Ty, Will have an initial condition applied based on the situation. This
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leaves three unknowns, meaning F;, will have to be solved for outside the heat flux equations. This is accomplished
by starting with the generic equation for a two body view factor:

“cose ) C0S6, dAdA, (Ref. ) ©)

Here A, is the surface area of body 1, A, is the surface area of body 2, 0; is the angle between normal vector of

A; and D , 0, is the angle between normal vector of A, and D , and D is the magnitude of the distance between A;
and A,. An illustration supporting Eqg. (6) can be seen in Fig. 2.

dA,
02 o
D ny
01
dA,

Figure 2. lllustration of Fy,
Equation (6) can be integrated to:

1 (cosé, cosb,
Fp,=— —2
A 7D

Now assume that A, is a parachute segment with the normal vector pointed toward A,. Only a segment of the
parachute is analyzed, because even if only one section is degraded, the entire parachute system is considered failed.
Assume A, is the cross section or projected area of a spherical propellant debris piece of radius r. Figure 3 is an
illustration of Fy, with these assumptions applied.

jAlAz @)

A

Figure 3. lllustration of Fy, with Assumptions

Equation (7) will then reduce to:
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cosOcos0 , r?
=

e D

(®)

The reduction of Eq. (8) implies that the view factor is only dependent on the size of the debris and the distance
of the debris from the parachutes. Fy, is the view factor of only one debris piece to the parachutes; the view factor
of all the debris pieces to the parachutes is still needed. | assumed that all the propellant burns at the same constant
temperature — 4000°F — and that there is no heat transfer between the debris pieces, meaning we can use the
summation rule — (Fyg+F1go+FigatFigat -..) + F13 = 1, where Fyq; is the view factor of body 1 to debris piece 1, Fi4,
is the view factor of body 1 to debris piece 2, etc — to obtain the F,, variable in Eq. (4) and Eq. (5).

Now that the view factors can be calculated, Eq. (4) and Eq. (5) can be used to calculate the net energy acting on
the nylon. Multiply Eqg. (4) and Eq. (5) by the area of nylon (A;) to obtain the energy equations for the nylon. The
net energy on the nylon is then calculated by taking the energy emitted by the nylon and subtracting it from the
energy absorbed by the nylon:

Qin = 80_(Tf?reball - Tnillon )Flz Al (9)
Qout = go_(Tné)lllon - Taérl‘nb Xl - I:12 )Ai (10)
Qnet = Qin - Qout (11)
The net energy can then be used to calculate the change in temperature:
AT :& (Ref. 4) (12)
conA

For each time step, the delta temperature is applied to the previous parachute temperature. The result is a
parachute temperature profile along the trajectory. An example can be seen in Fig. 5 or Fig. 6.

IV. Simulations

The methodology was written into a MATLAB script. The required user inputs are the distance of the debris
from the CM and the mass of the debris pieces, both at different time steps. The initial temperature of the parachute
was conservatively set to 70°F (294 K). The debris piece mass is used to calculate the spherical dimensions of each
piece. The parachute temperature calculator employs the methodology detailed in Section Ill. The output is a
parachute temperature profile. Figure 4 displays this simulation process.

Input: Debris distances to CM over time
Debris mass for each piece

\ 4
Chute Temperature
Calculator

\ 4

Output: Chute Temperature Profile

Figure 4. Simulation Flow Chart
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V. Results

Two abort cases were run with the Chute Temperature Calculator, one when the launch vehicle reaches Mach 1
(~44 sec MET) and one when it reaches Max Q (~60 sec MET). Figure 5 below displays the temperature and
minimum distance profiles for an abort at Mach 1.

Temperature of the Parachutes vs. Time

95 : The small spikes are caused by
90 : ‘ debris within 100 meters or less.

Temperature, °F

Time, s
Figure 5a.
4 Distance of Closest Debris Pieces vs. Time
10— ——— S — P — ——— — -
£ ——1 piece
''''''''''''''''''''''''''''''' o et | =10 plecas)

T :— | —e—500 pieces ||

Distance, m

70 80 Q0 100 110 120 130
Time, s

Figure 5b.

Figure 5. Abort at Mach 1 Temperature Profile (a) and Distance of Closest Pieces (b).

The first temperature increase in Fig. 5 a), from 72 s to 80 s, was caused by a large number of debris pieces
passing within approximately 200 m to 2000 m of the CM. The maximum temperature seen for the trajectory was
90°F and caused by the first temperature increase. The circled temperature spikes were caused by one or more
debris pieces passing within 100 m of the CM. The relation between pieces passing close to the CM and a
temperature spike can be seen by comparing Fig. 5 (a) and (b) at a selected time — a large downward spike seen in
the closest debris piece profile correlates to an upwards spike in the temperature profile. The closest debris piece
from this trajectory was 88 m. For this case, the nylon failure temperature limit of 150°F was not reached. Figure 6
shows the results for the abort at Max Q.
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Figure 6. Abort at Max Q Temperature Profile (a) and Distance of Closest Pieces (b).

The first temperature increase in Fig. 6 (a), from 92 s to 97 s, was caused by a large number of debris pieces
passing within the approximate range of 200 m to 2000 m. The first temperature spike, at 125 sec, was caused by a
single debris piece flying within 14.8 m of the CM and only took 1 s to occur. The other smaller spikes were caused
by a few pieces getting within 100 m of the parachute. For this case, the nylon failure temperature limit of 150°F
was not reached.

Even though the Mach 1 and Max Q cases evaluated did not result in a thermal failure of the parachutes, there
still exists a probability of the parachute temperature reaching the nylon failure limit for other debris field
configurations. These two cases also demonstrate the risk that large temperature increases can occur in a short
amount of time.

V1. Conclusions

These two cases indicate there is a possibility of the temperature profile reaching the nylon failure temperature, if
one or two pieces get too close to the CM. Only two cases were run and the results do not represent the full
spectrum of possible debris field configurations. From these two cases | observed that the possibility exists for large
temperature increases in a short amount of time, meaning that for a different debris field configuration and dispersed
abort trajectory, a failure could occur. A set of dispersed abort trajectories with dispersed debris field configurations
should be analyzed using the developed thermal methodology; however a Monte Carlo of this scale is very
computationally intensive, and was not performed here due to the limited computational resources available to the
author. This additional work would be used to calculate the probability of a thermal limit violation for the
parachutes.
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Introduction

® A solid rocket stage on a launch vehicle can create a thermal radiation hazard for an
aborting crew module.

— For vehicles launched from the Eastern Range at Cape Canaveral, the Air Force requires
capability from the ground to terminate thrust for launch vehicle on an errant trajectory in
order to prevent that vehicle from traversing over land and putting the public at risk.

— Because solid propellant vehicles are incapable of being shut down, they require a Flight
Termination System (FTS) that, when activated, destroys the vehicle and freezes the
vehicle’s impact point.

— Detonation of Constellation’s Ares | launch vehicle results in thousands of debris
fragments, the majority of which are first stage solid rocket propellant fragments, which
pose a threat to the aborted crew module (CM).

— The risk of debris strikes in first stage abort scenarios have been studied in depth by the
Cx Program. However, a secondary debris concern exists - the thermal effects of burning
solid rocket propellant on the CM, and specifically on the parachute system.

®* | performed an independent analysis to determine the thermal effects of high
temperature debris on the CM parachute system.

® From this analysis | developed a process to assess those thermal.

— Analyzed the cumulative thermal effects on the parachutes to assess risk of parachute
failure.

— Integrated the temperature over time from drogue chute deploy.
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Assumptions

®* First Stage propellant debris
— spherical shape
— radiate as black bodies
® The nylon chutes have an emissivity of 0.899.
® The chutes failure temperature is 339 °K (150 °F).
® Conservation of Energy
® Debris density is 0.065 Ibm/in”3.
® Ambient Temperature is 283 °K (50 °F).

® The debris burns at a constant 4000°F (2478 K) through the entire abort
trajectory.

® Thereis no heat transfer between debris, therefore all debris pieces are at the
same temperature
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Method - View Factor lllustration
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Method

® The foundation of this methodology is based on the Stefan-Boltzmann Law:
q=¢&oTlT?

® The problem is constructed as a three body system, as depicted in the next
slide. Two equations were written to represent the heat flux imparted to the
nylon from the fireball, and the heat flux radiated out from the nylon to the
sky:
4 4
On = €0 (Trepan _Tnylon)
4 4
Qout = ga(Tnylon _Tamb)

® The two equations above are multiplied by a View Factor to account for the
percent of radiation transfer. The summation rule, F;, + F;3 =1, is applied to
consolidate variables.

g, =¢0 (Tf?reball o TnA;/Ion) |:12

Qout = €0 T4 _Ta‘:nb) F13 —

nylon

Qo = €0 (Tnl;r/l on Ta?nb ) (1 _ |:12 )
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Method - Continued

F,, Is defined as the “fraction of radiation leaving surface 1 that is intercepted

by surface 2”. "
4 2

1 cos(&,)cos(6.) %92\@
F12:__H‘ 1D2 : dALdAz

A A1A2 72- D T

1 ( cos(8,)cos(8,) 2!
* Integrated: F, = 1 C

ntegrated: F, A ( D jAlA2 i,

® For purposes of this analysis, assume:
— A, is the parachute, with the normal vector pointed toward A..
— A, Is the cross section or projected area of a spherical propellant debris piece of

radius r.

= 7r° 2
A | F - cos(0) CSS(O) PR r_2
6,=6,=0 7D D

rescon e ,- 2 - USA
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Method - Continued

® The emissive power equations are multiplied by A, to get the energy
equations of the nylon:

Q, =0 (Tf?reball _Tnirllon) F. A
Qout =0 Tnlyl/lon _TaArrnb)(l_ Flz)Al

® Then subtract Q,, from Q,  to get the net energy, Q, .
Qnet = Qin - Qout

® The net energy can then be used to calculate the change in temperature :
4

AT = —Q”et
ConA

7/29/2011 ;
_ | Page 7 e USA
Debris_Thermal_Analysis.pptx age @ < D

scent escent

light Design  ynjted Space Alliance



Simulation

® The methodology was written into a MATLAB script.

® Analyzed the cumulative effects of the changing temperature on the
parachutes. Integrated the temperature over time from drogue chute deploy.

® Therequired user inputs were the distance of the debris from the CM and the
mass of the debris pieces, both at different time steps.

® The debris piece mass is used to calculate the spherical dimensions of each
piece.

® The methodology detailed in the previous slides was used to create a
parachute temperature profile.
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Abort at Mach 1

Temperature of the Parachutes vs. Time
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Abort at Max Q
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Conclusions

® From the two cases run, it was observed that the possibility exists for large
temperature increases in a short amount of time, meaning that for a different
debris field configuration and dispersed abort trajectory, a failure could occur.

® Thetemperature profileis driven more by a small number of debris pieces
passing close by (within 100m) than by the general population of debris
further away.

® These two cases indicate there is a possibility of the temperature profile
reaching the nylon failure temperature, if one or two pieces get too close to
the CM.

® A setof dispersed abort trajectories with dispersed debris field configurations
should be analyzed using the developed thermal methodology; however a
Monte Carlo of this scale is very computationally intensive, and was not
performed here due to the limited computational resources available to the
author. This additional work would be used to calculate the probability of a
thermal limit violation for the parachutes.
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