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Abstract

The MIT Lincoln Laboratory High PoweréeMissile Alternative Range Target
Instrument (HPMARTI) program will design and operate an optisahsor module
(OSM) onboard an expendable rocket. TheMWRRTI program will test and
characterize the effects of a na@gatt airborne laser on a missile during its bgustse.
This project provides a survivability analysis of the-MRRTI OSM and considers the
effects of aerodynamic heating, laser heating, and aerodynamic loading on the rocket and
OSM structure, through coupled thermal and structural numerical analysis. Results
show that at 40,000 feet te&ucture of theodket and the OSM withstasdhe increased
thermal and structural stresses, allowing enough time for the optical sensors to collect

data before failre.
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Chapter 1. Introduction

The High Powered Missile Alternative Range Target InstrumentNIART]) is
a program currentlyunder development at Massachusetts Institute of Technology,
Lincoln Laboratory. HFMARTI is designed to test and characterize the Airborne Laser
(ABL) by gathering optical data. The Airborne Laser is a system of 3 lasers affixed to a
retrofitted Boeing 74 Freighter. The ABL is designed to acquire and track missiles and
perform boosphase missile interception®nce the missile is tracked the ABL directs a
lethal, megawatt class laser beam onto the missile body until the missile fails.

The Missile Alternative Range Target Instrument (MARTI) program consists of
three main components that integrate an optigals “ | w o
sensor package into an expendable rocket to simu§te\l el
ballistic missie conditions; the components are the
vehicle, ground stations, and payload. The vehicle is

a 2stage Terrier BlacBrant rocket; the ground

station serves as a data acquisition and calibratig

point. The payload contains thretacked optical‘

[
sensor modas (OSM) and a fourth moku {\
containing a telemetry box; an overall schematicFigure 1: MARTI ascending into the

atmosphere.
shown inFigurel. In order to quantify the performance characteristics of the ARth
OSM has512 optical sensors designed to measure the intensity of different wavelengths
of the infrared spectrum. The MARTI Program involves two similar modules, the low

power (LP) and high power (HP). Essentially, the difference between these is thesLP us

a nonlethal surrogate high energy laser and the HP uses the lethal high energy laser. This



project considers the impact of the high energy laser and other atmospheric effects on the

performance of the optical sensors.

1.1 HPT MARTI Thermal Enviro nment

The HRMARTI thermal environment will greatly affect its survival. Just as any

system, the thermal environment abides by the conservation of energy
Y Q=mGAT (1-1)

(DeWitt and Incropera, 2002). Although this is true at all locations, the energy
conservation is most interesting at the surface where several components affect the
thermal environment. Both aerodynamic heating and the megawatt laser will influence
the themal and structural stresses on the module. Although the effects of the laser are
much more substantial than the aerodynamic heating, it is important to characterize both

heating mechanisms.

1.1.1 Aerodynamic Heating

The estimated window of opportunifgr the ABL to acquire the HRIARTI
module is between altitudes of 40,000 ft and 100,000 ft. When flying at these altitudes at
a high velocity, the HIMARTI is subject to extremely high surface temperatures caused
by aerodynamic heating. At high speeds, Mach number > 2.5, viscous forces can
generate a significant amount of heat; as a result, structural temperatures can rise
dramatically (AA Manual for Determining Aer

heating occurs when viscous and heat transferee€ t s a't the bodyds su



increase in surface temperature, with the potential to reduce material strength. Although
materials are chosen and developed to withstand high temperatures and aerodynamic

heating, the skin temperature rise needs tguamtified.

1.1.1.1 Boundary Layers

Aerodynamic heating is the heating of a body as it passes through a fluid and
often occurs within a boundary layer. A boundary layer is, essentially, a thin fluid layer
affixed to the surface of the body. Viscous &ga@re present only in the boundary layer;
furthermore, the fluid outside of the boundary layer can be assumed inviscid. At the
bodydés | eading edge, the boundary | ayer is
leading edge, the laminar boundarydayransitions to random motion and rapid growth,
or turbulent. The region in between is characterized by a transition boundary layer. It is
important to identify the laminar, transition, and turbulent boundary layers because the
shear stresses and, thbsat transfer rates differ between these three regimes.

As fluid flows over a solid surface, there is a frictional force between the surface
and the fluid. These viscous shearing stresses do work on the fluid and cause the fluid
temperature to rise. Thigseous force also retards the motion of the fluid relative to the
surface. This retardation causes a fluid velocity profile, where the fluid velocity gradually
decreases until fluid adjacent to the surface stagnate¥,d.e.0. As the fluid motion
diminishes, the fluid loses kinetic energy and some kinetic energy is converted into
thermal energy. The thermal energy is transferred from the high temperature flow field to

the surface.



1.1.1.2 Modes of Heat Transfer

Aerodynamic heating occurs with theundary layer due to a combination of heat
transfer processes: convection, conduction, and radiation. We will review the important

characteristics of these modes of heat transfer.

Convection

Convection is the transfer of heat between a solid and aceadjfluid. It is
induced by fluid motion and, more specifically, motion of the fluid within the boundary
layer. Forced convection occurs when fluid circulation is influenced by some driving
force. Aerodynamic heating is caused by forced convection wisenus forces drive the
fluid motion.

The temperature difference between the surface and fluid cause the development
of a thermal boundary layer. This temperature gradient causes the fluid and body to
exchange energy to attain thermal equilibridrhe convetive heat transfer rate across
the boundary layer can be defined by

—k. AT
h=— L&Y Ty (1-2)
Ts _Tfluid

In the above expressioh,is the convective heat transfer coefficiekt,is the thermal

conductivity of the quid,A'l/Ay represents the temperature gradient within the boundary

layer, andTg and T, are the surface and boundary layer fluid temperature, respectively

(DeWitt and Incropera, 2002).



Conduction

Heat conduction occurs through a solid, multiple adjacent solids, or a fluid with
no relative motion adjacent to a solid. Heat transfer occurs where a temperature gradient
exists, transferring energy from high temperature areas to low temperature aeas. Th

heat transfer rate for ordtmensional heat conduction is characterized by

" AT
q'=-k Ax (1-3)

whereq as the conductive heat fluki s t he t her maisthectampedatuet i vi t vy,
gradient, an@ is the material thickness (DeWittdmcropera, 2002).
Within the HRMARTI aerodynamic heating, conduction occurs at the missile
surface. Because the flow field at the surfexestagnated and a temperature variance
exists between the fredream and missile surface, the above equatioppsogriatefor
the heat flux at the HRIARTI surface because there is no fluid motion; the energy

exchange between the stagnated fluid and the surface is dictated by conduction.

Radiation

Radiation, much like convection and conduction, occurs duentaxsting
temperature gradient between a body and its surroundings. Bodies constantly radiate heat,
reducing their internal energy, to obtain thermal equilibrium with their surroundings. The

thermal radiation heat flux can be described by

q'=¢co R ) (1-4)

surf surrJ



whereqo0i s t he heat flux, U is theBolmmanrer i al e |

constant 6.67x10" 8%), andTsys andTgyrare the temperatures of the surface and the
m

surroundings, respectively (DeWitt and Incropera, 2002).

The emissivity is a material property that characterizes how effectively the
materi al radi at es heat . Mor e i mportantl vy,
temperature due to radiation. Aside from boundary layer heat transfer, solar radiation
significantly affects the aerodynamic heating. A National Advisory Committee for
Aeronautics (NACA) report illustrates Figure?2 therelationship between emissivity

20001——x
1800 F———
1600 T
1400 : S
1200} > i
1000 : e - .
800|— B I - =
600} ' Altitude 100 miles
400 :
200}
o _ 1 _ |
0 0/ 02 03 04 "05 06 07 08 09 [0
Emissivity, €

Surface Temperature (F)

Figure 2: Effect of emissivity on surface temperature.
and surface temperature for a flat plate of different materials. Using materials with higher

emissivities is one method used to decrease surfacetames.

1.1.2 Laser Effects

Because HMMARTI is designed to characterize the Airborne Laser, the greatest

contributor to its thermal environment is the megawatt laser. The sensing modules will be



illuminated by the high energy laser causingiaerease in skin temperature that can

greatly affect the material strength and, thus, theM#RTI durability.

1.1.2.1 Laser Properties

Light Amplification by Simulated Emission of Radiation (LASER}h& process
of creating a light source of@finedwavelengh. A typical laser emits lighth a narrow
steady beanlasers consistf three partsa pump source, a gain medium, and an optical
resonator. The pump source provides the
into the gain medim causing ts optical properties to change. The gain medium
determines the wavelength of the laser. The light illuminates within an optical resonator
that has a partial reflectdburing resonation the ligh$ amplified by stimulated emission
by reflecting betweengiics. The partial reflector allow/ thelight to be emitted from the

optical cavity.

1.1.2.2 Laser Heating

When the high energy laser illuminate

HP-MARTI, some of the energy emitted will be
reflected and the rest will be absorbed by t
skin. The absorbed energy will heat the sK
and cause its surface temperature to rise.

absorbtion of laser radiation ke surface is

Figure 3: HEL illuminating HRMARTI.

caused by radiation.



The laser absorption heats the surface; heat then conducts away from the surface
into the solid by conduction. The heating of the material is described by the relationship
for energy and temperature difference

E=mGCAT (1-5)

where E is the energym is the massC, is the specific heat, ana Trepresents the

temperature difference (DeWitt and Incropera, 2002).

1.2 HPT MARTI OSM Structure

The OSM shell is a double walled aluminum skin. The outer skin is a heat shield
to protect the inner components and is, essentially, expendable. The inner skin carries the
structural loading that is transferred through the module. ™
skins are onnected together at a RADAX joint. The outt £
skin is bolted to the inner skin with a 0.3cm spacer that allc ||
for an air gap between the two layers of aluminum. The ra
joints are the connecting points for each of theMI&RTI 4
module sections and arerfioer discussed in the next sectio :“ &
The total diameter of the OSM is 0.56m, and the final len §

including a male and female radax joint at each end is 1 me

The 512 optical sensors that lace the inner and outer gkir
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the OSMare radidly spaced (aund the module centerline) a (¢
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11.25. The axial spacing between each hsl@.0am.
Figure 4: 1 meter OSMsection.



1.2.1 RadialAxial Joints

The radialaxial (RADAX) joints are connecting pieces of the NRARTI
assembly. Their function is to transfer the all the forces along tiiules that they
connect including other sections of the rocket. The radax joints provide both axial and
radial loading support. These joints will be the connecting points between all the
separate sections of the rocKeigure5 shows the union between thdsenale and male

radax joints.

Figure 5: Mated radax joints with loading indicators.
The green arrow shows the axial support of the loading from the radax joints. At this
location the surfaces normal to the axial loads adiract contact with the next surface.

This allows the loading to be transferred from the one section through the radax joint to



the next section. Additionally the red arrow
that provides radial support dié loading between the radax joints. Finally a bolt will
pre-stress the joint so that there will be an initial load that will prevent the likelihood of

the radax joint becoming dislodged.

1.2.2 Aluminum Skin

The HRMARTI skins are constructed @&nodized Aluminum Alloy 6061 -B.
This series of aluminum alloys are made up primarily of aluminum, magnesium, and
silicon. The temper treatment;6 denotes that the alloy has been solution heat treated
and artificially aged. This heat treatment processthe alloy gives it larger yield and
tensile strengths. This alloy is used for the-MRRTI skin because of the increased
strengths of this treated material as the module will endure severe launch loads and

thermal stresses.

1.3 Possible StructuralFailure Mechanisms

The HRMARTI anodized aluminum structure will endure a combination of
thermal stresses and aerodynamic loads. When the high energy laser hits the missile, the
energy wil |l be absorbed by the nitedighl ebs sk
energy that the laser transmits, the rocket will undergo severe thermal and structural
stresses. The increase in thermal energy will cause the aluminum outer skin to expand
and/or melt.

The optical sensors are composed of a ceramic designwathttand these harsh

conditions and will not fail. However, the structural integrity of theM#RRTI structural

1C



integrity could be compromised by a variety of mechanisms, especially melting and
thermal expansion, caused by the thermal and structuraloements. Very likely, a
combinationof these mechanisms will lead to increased thermal and structural stresses

and cause structural failure.

1.3.2 Melting

The thermal energy transferred from the laser and due to aerodynamic effects
increase the MARTbuter skin temperature. The solid to liquid transition for Aluminum
6061 is at 58% (or 855K). With the megawatt class laser illuminating the target, the
amount of energy transferred to the aluminum is very high. Because the rocket rotates,
the laser beaihs ener gy wi | | be distributed iIin a ri
exposure to the HEL will cause the surface of theNHRTI module to achieve very
high temperatures that will eventually the material to melt. When the material melts, the

shell couldmelt away and no longer protect the sensors or cover the sensors.

1.3.1 Thermal Expansion

Rising temperaturesausea  ma t eolumeatd iicease, i.e. thermal expansion.
The amount of expansion is dependent on the specific nature of the matadial;
material has a unique coefficient of thermal expansigrfpor Aluminum 6061,a = 23.6
pm/m-°C at room temperature (Boyer and Gall, 1990). Using a simple thermal expansion

equation, we can determine tiiermal expansion ratio

L
ff =1+ oAT (1-6)

11



whereL; is the final lengthl;i s t he i ni ti al | BrapgesehtstheU i s t he

temperature difference. It is assumed that only the length expansion is significant and the

1.032

1.024

1.016

Lf/Li

1.008

1.000 T T T T 1
0 200 400 600 800 1000

Temperature (C)

Figure 6: Linear thermal expansion ratio for various temperatures.

CTE varies with temperaturEigure6 illustrates the theoretical thermal expansibithe
HP-MARTI shell. Knowing this ratio will help determine the expected deformation with
respect to the rising temperatures. Ultimately, the concern is not that the aluminum shell

expansion will compromise sensor performance by over stressing the assmmblies.

1.4  Project Objectives and Methodology

HP-MARTI 6s requirement for survivability s
be able to gather sufficient optical data. To gather this data, the missile must follow a

specified trajectory for a given amount of time. The structural integrity of thé shel

12



directly impacts the optical sensor alignment, which affects their calibration. This change
will compromise the optical sensoro6s capabil
With respect to the HRIARTI survivability requirement, the objectives dfig

MQP are to:

1. Determine the durability of the HMART]I structure with respect to its survivability
requirement by analytically modeling the aerodynamic heating and laser conditions to
evaluate the structural integrity of the tMARTI shell.

2. Measure theemperatures of aluminum squares under actual laser testing to compare
to the analytical predictions of the HWARTI skin performance to validate the

thermal model.

The metlodology used taletermine the HMARTI durability is described below:

1. Determine mehanisms that could jeopardize the -MARTI structural integrity.
These include radiation, aerodynamic heating, {aseiconditions, melting, and
thermal expansion.

2. Perform aerodynamic heating analysis using Gambit and Fluent, finite element codes
designedo model fluid flow and heat transfer. Create an external flow field model in
Gambit. The results of this analysis will be compared to analytical calculations and a
more specific code, the ABRES Shape Change Code, to determine if the mesh is
appropriate ad verify thermal results. Deliver heat transfer coefficients and recovery
temperatures for thermal analysis.

3. Perform a thermal analysis by incorporating the aerodynamic heating results and

simulating the high energy laser on the rotating-MWRTI surface. Develop a

13



t her mal model in ABAQUS/ StandardE that S i
Deliver the temperature values for structural analysis.

4. Evaluate the structural integrity of the HWPARTI shell via a coupled thermal and
structural analysis. Constu c t a structur al mo d e | i n
incorporating the launch and aerodynamic loads, temperatures, and rotational loads.

5. Evaluate results of the structural model to determine th&ARTI durability.

The methodology used to experimentally measheeHRMARTI skin performance is

described below:

1. Create and run an aluminum square model
will determine the optimum thermocouple locations.

2. Configure test equipment. This includes assembling thermocouples, drilling the
aluminum squares, and peening thermocouples to the squares. Also, determine the
laser aperture radius and location. Develop a heat shield for thermocouples located on
front surface of squares.

3. Design a test matrix. This matrix includes several tests thiaewvaluate the squares
at select laser irradiances and material absorptivities.

4. Compare experimental temperature and computational thermal model results to verify

model accuracy.

14



Chapter 2. Aerodynamic Heating Modeling and Data Analysis

2.1 Aerodynamic Heating Modeling Software

The complexity of the aerodynamic heating analysis requires the use of
computational fluid dynamics computer analysis. The software packages used for the
aerodynamic heating analysis wer eChi#bgeuent E, |
Code.

Fluent E, a gener al pur pose computational
analyze the model created in GambiteE, a mo
Gambit, it is simple to appropriately mesh a created geometry using boundary layer
meshing and sizing functions. Fluent is a very robust program as it has an array of
turbulence models that approximate turbulent effects in a variety of flow fields. Most
importantly, Fluent is designed with the capability to approximate the boundary layer
transition from laminar to turbulence; however, Fluent has not been able to accurately
determine the boundary layer transition.

The ABRES Shape liangeCode (ASCC) is primaly used to assess nesp
heating and ablation. ASCC usestegral boundary layer eqtions to generate
approximate solutions for shocks and boundary layer conditions over the body. ACSS is a
finely tuned code that can accurately characterize these conditions (King, et al., 1986).

Fluent is a more comprehensive code; thus, it is desiregtermine if Fluent can be
applied to a specific purpose, i.e. shock and boundary layer conditions. Comparison of

the ACSS and Fluent solutions will not only verify the accuracy of the results but also

lead to a correlation between the two codes.
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2.2 Modeling Procedures andAnalysis

To simplify the viscous solution, the model is divided into two sections: the solid
boundary, MARTI, and the external flow field, the atmosphere. Because the geometry,
material, and boundary conditions are symmetric abouMthBTI axis, the missile can
be modeled and analyzed as axisymmetric. To further simplify the model, the MARTI

boundary includes only the necessary segment of the rocket, thgmtusthe end of the

Figure 7. Segments moded in MARTI boundary.
payload modules. For the purposes of aerodynamic heating analysis, an external flow

field model is created, appropriately modeling the MARTI geometry, boundary layers,
and an extensive external flow field. Generating a suitable mgsfimarily dictated by

the boundary layer, stagnation point, and changes in surface geometry inclination. For
Fluent to accurately represent the boundary layer conditions, it is appropriate to make the

mesh finer near the MARTI surface and at the stigmaoint (nosdip).

Figure 8: External flowfield and mesh.
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After generating the geometry and mesh, we ran initial laminar and turbulent
boundary layer solutions. The appropriateness of the model and mesh was evaluated
within the framework of existing models (ASCC) and analytical approximations. Because
the HRMARTI analysis is an ogoing project at MIT Lincoln Labs, we used previous
data from ASCC for comparison to the Fluent results. Also, the flow field conditions, i.e.
high velocity and high Mach number, allowed us to assume that the MARTI surface is
comparableo a flat plate. The most significant difference between the MARTI surface
and a flat plate is the shock at the rtipeand at the diameter change; nevertheless, flat
plate heat transfeapproximations are valid for comparison to the Fluent solutiothtor
MARTI surface.

We evaluated the laminar solution to determine the anticipated boundary layer
transition to turbulence. Due to the complexity of the problem, we are only able to
calculate the surface heat flux at the stagnation point. Because thépnoseditions are
of greatest concern when assessing aerodynamic heating, it is very important that the
nosetip heat flux is calculated correctly. Thus, for the purposes of this analysis,
calculating only the stagnation point heat flux is sufficientthiemmore, this value

represents the highest heat flux attained orM#RTI. As seen orFigure9, the Fluent
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Figure 9: Fluent laminar resust
and ASCC solutions show a good match. The laminar Fluent solution should also agree
with the calculated stagnation point heat flux. The stagnation point heat flux for
axisymmetric flow is specified as
0.1
o'= 0-763Pr‘°'6(ptﬂtK)°'s[Mj C.(T,-T,) (2-1)
t/

where Pr is the Prandlt numKeepresenisthelscalt he

velocity gradientC, is the specific heat capacity, ahd-T, represents the temperature

gradient between the stagnation temperature and the initial wall temperature (White,
1974). To calculate the heat flux, we must first derive the stagnation properties. Simple

incompressible calculations can determine the stagnsmperature from
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[y, 7-1 J _
_(1+ M (2-2)

gy

usingy=1.4,M = 3.9, andl; = 200.XK, we find thatT, = 810.42K At the nosstip, the

flow field experiences a shock. Thus, the density must utilize relations from the Normal

Shock Tables foM = 3.9 £2 = 4516 and % =3.893 (Anderson, 2007).
Pr 1

From these relations, we determine that the density at the vmllzii.0694k—gs,
m

and the relationship between the wall density and stagnation density is obtained from

1

P2 :[LJH (2-3)
P \Th
From these relations we determine that the stagnation denqitylsZZk—gg.
m

Temperature greatly affects the airodés viscos

determine the viscosity of air at various tengperes; the total viscosity is obtained from

%
T4+C T,
=g | e 2-4
# ﬂ'ef(TﬁCITref] =9

with s, =18.27x10°Pas, T

ref

=29115K, andT, =810.42K (DeWitt and Incropera,

2002); thus, the total viscosity jg = 3.75x10°Pa s. Similarly, the viscosity at the wall

can be obtained from wh=el8Xx0Rasy | andds for mul
T, =29115K, and T, = 780.5K . The viscosity at the wall i, = 3.66x10°Pa s.

The heat transfer within the boundalgyer depends heavily on the valke that
characterizes the local velocity gradient and is derived from thestireem conditions

(White 1974). The following equation definis

19



K=Ve (80 (2-5)
DV o

Using Vw=1108r£, pw=0.2368r%, pt:7.778%, and D=0.0254n, we find that

K =5436@". The Prandlt Number relates the momentum and thermal diffusivity and is a

function of the freestream conditions. It can be evaluated us(hrg=1004.77kgLK,
5 kg W . .
1, =1.33x10°—, andk=00.018—— in the equation below
m mK
pr= Cet (2-6)

k
to find thatPr=0.74z. Finally, we can evaluate the stagnation point heat flux as

q'=7.27x 105¥ = 0.0727%. The Fluent result for ¢hstagnation point heat flux is

7.02x lOSﬂz, which is within 3.5% of the calculated heat flux.
m

Fl uent i's designed with a fAtransitional
would allow Fluent to solve for the laminar, turbulent, and transitional flows in a single
run. This transitional analysis works for simple flat plate problems; however, more
complex problems, such as HWPARTI, cannot be solved using this functionality as the
code assumes the entire boundary layer as turbulent. Thus, a method used to attempt to
solve for the entire boundary layer was dividing the external flow field into éstioms.
The forward section would model the laminar boundary layer and the aft, the turbulent
boundary layer. To determine the location of the division, we used known critical
Reynolds numbers for flat plates. In a flat plate analysis, it is assumetigiadundary

layer transitions to turbulence at some critical Reynolds number between 100,000 and
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3,000,000 (DeWitt and Incropera, 2002). Using the atmospheric conditions to solve for

the transition location,

_Reu
o4

X (2-7)

the boundarydyer begins to transitiohetween 0.005m and 0.15m from the nbpe

Using a value 0k=0.15m, we separated the exterit@lv field and ran several iterations.

8.E+05

7.E+05

6.E+05

6.E+05

5.E+05

— ASCC
4.E+05 = FLUENT
Calculated

3.E+05
3.E+05 {@\
2.E+05

1.E+05 g

Surface Heat Flux (W/m2)

2.E+04 4 T
0

-
[N
w
N
(¢)]
(o]

Position (m)

Figure 10: Fluent trandional flow results
Fluent was able to assess the entire boundary layer, both laminar and turbulent; however,

there was an inconsistency in the transition layer, as indicatédune 10. Additionally,

. . . W . .
the stagnation point heat flux is low8,31x 10'5—2 in comparison to the calculated heat
m

flux, 7.27x 105ﬂ2.
m
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Because of this inconsistency, we decided to use only the turbulent aerodynamic
heating results for the thermal and structural analyses. The entire missile is approximately
18 meters in length; thus, when determining the boundary layer conditions and
aerogynamic heating, it is justified to assume the vast majority of the boundary layer is

turbulent. For the purposes of providing theeMRRTI aerodynamic heating conditions

.
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Figure 11: Fluent turbulent solution.
to the thermal andtructural analyses, the entire boundary layer over the payload modules
is turbulent. The turbulent solution also agrees with the ASCC results. At position 2.2m
from the nosdip, there is an inclination in the HRAARTI geometry. As seen iRigure

11, the surface heat flux increases. This increase in heat flux is caused by a shock at the
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geometry inclination. The differences in heat flux between the Fluent and ASAG res

are due to this geometry. ASCC uses@e crude geometry, and Gambitery specific.

2.3 Aerodynamic Heating Results

The surface temperatures derived from the aerodynamic heating analysis are used
in the thermal and structural modefisgure 12 exhibits theOSM surface temperatures.
The aerodynamic heating model assumes the initial surface temperatufiCisTB@
temperature reached at,@00 ft is 255C; the aluminum melting point is 582. Thus,

the aerodynamic heatiregonewill not cause material failure.

300 1

200

Temperature (C)

100

0 10000 20000 30000 40000
Altitude (ft)

Figure 12. Surface Temperature Resulting from Ascent Heating.

Between 5000 and 20,000 feet, terodynamic heating does not increase linearly. This

occurs because MARTI utilizess 2 stage Black Brant IX rocket. In a midtage rocket,
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each stage contains its own fuel and engines. The stages are configured in series but burn
sequentially. The firsstage acts during l#ff and, when all the fuel is expelled, is
released from the vehicle. Between 0 and 20,000 feet, the first stage provides the thrust,
and the vehicle velocity increases rapidly. The first stage provides the thrust for the
rocket thraugh the thickest part of the atmosphere. After the stage expels its fuel, it takes
some time to be released from the rocket. Aerodynamic heating is a function of velocity
and altitude as the density decreases, as the heat generated by the viscousfersss i

with increasing velocities.
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Chapter 3. Thermal Modeling and Data Analysis

3.1 Thermal Analysis

The thermal environment analysis coupldne aerodynamic heating with the
laseron conditions and simuladethe vehicle roll to assess the thermal expansion and
stresses on HMARTI payload To achieve an accurate representation of the thermal
heating that will occur when the rocket is in flight a Finite Element Analysis (FE&&) w
needed to simulate the effecisthe aerodynamic and laser heating.

Complete modeling and analyzing all heat transfi@eodesusing ay Finite
Element (FE) coderequiredarge amounts of time and massive amounts of computing
power. In order to shorten the time and decrease the caomgpptwer needed, a
simplified model was developed.

The aerodynamic heatingpnditions from Fluentvere usedas the initial thermal
conditions for the laser to hitt Amodebeg e ner at ed using ABAQUS/ CAE
A time-stepped method wasdeveloped to maal the vehicle roll. The
ABAQUS/ St and ar wdsusedfdhe thermat analysis.

The selected location t@ply the laser beam heat spot veasntarbitrary as there
are many different locations to where the laser can hit the OSM. This location was
selected because the laser energy will be deposited on the surface of the skin and the
rada joint. This analysis therefore, providpseliminary data on the performance of both
the skin and the radax joint under the laser radiation.

Simple, conservativenalytic calculations of each of the modekheat transfer

will provide estimats the heat flux.To perform these simplified analyticahlculations,
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equations for convective, conductive, and radiating heat tramsfez applied tathe

thermal environmenthat the HPMARTI module is expected to experien€@omparing
these values of each mode to the energy
contribution to the overall thermal environment. This allowed for simplification of the

thermal model by excludintpe negligible factors.

3.2 Evaluation of Heat Transfer Effects

Several heat transfer mechanisms affect theMMRTI thermal environment.
They include the high energy laser (HERgrodynamic heating, surface radiation, and
convection between the outer inner HP shell structure. Although it is valid and justified to

assess the HEL

Aerodynamic

Radiation Heating

Nv/

l Convection

Figure 13: HP-MARTI thermal environment.

various heat transfer mechanisms affecting theM#MRTI shell, only the HEL will

0 |

significantly contribute to the HMART | shell 6s rising temperat

laser heat flux is on the order cﬁok—\r:\/]z. The following sections comparthe
o

aerodynamic heating, surface radiation, and convection between the inner and outer shell

with the heat flux due to illumination.
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3.21 Aerodynamic Heating
Although aerodynamic heating can cause serious damage to the ascending
missile, its effectare small in comparison to megawatt class lasagsire 14 details the

ratio of heat fluxes,

Stagnation Point Aerodynamic Heating
Megawatt Laser

%Heat Flux=100x

for several laser heat fluxes. The aerodynamic heating is greatest at thg niosethe

stagnation point-igure 14 illustrates the relationship between the stagnation point heat

% of Heat Flux
w
/”—‘—

—

0 2 4 6 8 10 12 14 16 18 20
Laser Heat Flux (kW/cm2)

Figure 14: Aerodynamic heating in relation to megawatt class lasers.

flux and various bkat fluxes due to the megawatt laser. Comparing the aerodynamic

heating to a laser heat flux of magnittmkﬂ, Figure 14 shows that the aerodynamic
c

nt

heating at the stagnation poiwﬁlp?Z?M, is very small in comparison to the megawatt

cny
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laser. Although the aerodynamic heating effects serve as the initial conditions for the

laserthermal environment, any detriment to the -MRRTI shell will ultimately be

caused by the high energy laser.

3.22 Radiation

radiate heat in order to attain thermal equilibrium. Using the melting temperature as the

The laser heating causes the aluminum skin temperatures to rise and the surface to

fiwor st

OSM surfacetemer at ur e, we evaluated the
0.36 1
0.24
x
>
T
©
[}
I
S
N
0.12
0.00 ' ' ' ' ' ' ' ' ' ,
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Figure 15: Radiation in relation to megawatt class lasers.
We determined the radiation heat flux using
"= Tt 32
qg=¢c0 — lsurr ( - )

surf
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At 40,000ft, the radiation heat flux &OOB?k—W. This value remains fairly constant for
C

several altitudes. Similar to the aerodynamic heating compakggurel5 illustratesthe

ratio of heat fluxes for several laser heat fluxé®e radiation heat flux is only 0.037% of

a 1Ok—W laser heat flux. Thus, when analyzing the effects of the megawatt laser, any

cny

radiation between the MARTI surface and the surrounding atmosphere is negligible.

3.23 Convection Between Inner andOuter Shells

Each module has an inner and outer shelésEhshells are separated by a layer of
air; thus, convection heat transfer occurs within the two layers of th&ARTI
structure. Convection heat transfer is described by

q'=h(-T,) (3-3)
whereh is the convection heat transfer coefficiefs,is the surface temperature and is
unknown, andlp, is the freestream temperature. The convection heat transfer coefficient
dictates the magnitude of the convection heat flux.

The Nusselt number is used to nondimensionalize the heat transfer cogfficie
and represents the heat transfer through a fluid by comparing the convection and
conduction heat transfer by (Cengel, 2003)

Nu = % =C(Gr, Pr)' =CR&’ (3-4)

From this relation, the Rayleigh number is defined as

Ra. =Gr Pr (3-5)
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Recall from the Aerodynamic Heatimdpodeling Procedures amshalysisthat Pr=0.74Z

. The Grashof number, or the ratio of buoyancy to vistoees, is

_9A(Ts-T )L
V2

Gr, (3-6)

AssumingT,=7735K (or 500°C), T, =200.5K, f= ?106 L =1m, and

2
v=14.6x10°™ we find thatGr = 4.96x10°. Using the definition of the Rayleigh
S

number, we find thaRg . = 3.71x10°. We can now use the relation for Nusselt number

2

0.38Rq ¢

8
[1+ (0.492/Pr)%6Y27

and the previously calculated Rayleigh and PrandIt numbers to fintNthaB827.15.

Nu=90.825+

(3-7)

Knowing the value of the Nusselt number, the convection heat transfer coefficient is

he klljlu: 6.70 V2\/K . Using equation (3) and assuming, = 7735K (or 500°C) and
m

T,=200.5K, we find that, at 40,000ft, the convection heat flux is

¢=384" _384x10° KW (3-8)
2 rﬂz
m C

This convective heat flux, therefore, is negligible in comparison to the heat flux from a

1Ok—WIaser.

cnt
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3.3 Thermal Structural Finite Element Software

Analyzing the complicated thermal environment recgiitee use of advanced
finite element analysis. In order to solve the numerous equations of the finite element
model, the aid of computers and finite element software will be needed. The software of
choice is ABAQUSE. ABAQUS i slveathat hmsitheanc e d
capability to solve nofinear and large scale linear dynamics. Most notably, ABAQUS
has the ability to conduct both thermal and structural analysis. ABAQUS supports a wide
variety of features that can simplify the problem and reduce et@npnal time, such
features include axisymmetric analysis and both 2D and 3D element types. All of these
features are in a graphical interface known as CAE which allows the user to interact with
the software more efficiently.

The ABAQUS software suite illbe used to conduct the thermal analysis of the
OSM with the aerodynamic heating and the laser beam illumination. Those results will be
imported into another ABAQUS model that is setup to conduct the structural analysis.
Lastly, ABAQUS will be used to ndel the axisymmetric aluminum squares to support

the laser testing.

3.4 Thermal Environment Modeling Procedures

The first stegn modeling the HAMARTI modue is to simplify the actual CAD
model All the internal features were removed as they didcontribute to thehermal
environment. Next, theadax joint was simplified into a square. Thsspiossible because
the bolt connections connecting the skins to the radax joints asgrpssed, causing the

joint and the skins to be in direct contactking it a rigid structure.
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A finite element model odfiP-MARTI was generatedith correct dimensions and
with all the opticalsensors agpreviously detailed. In ordeto reduce the time and
computing resources it takes to build the FEA geometry, we took into account that the
HP-MARTI module is symmetric. That allowed us to generate one part of it and use the
symmetry features of ABAQUS to pattern this part and coristhecentire module. This

process is illustrated iRigurel6.

Figure 16: Assembly of the symmetric sections of the-MIRRTI module

Once the model was generated the next step was meshing. To reduce the amount
of work, the thermal model that was generated for the thermal analysis was also used for
the structural analysi®ecause the model was used for two different analylsesnodel
had to be carefully meshed to insure accuracy for both analyses. Unlike ordinary thermal
analysis that does not require structured meshing; the structural analysis that was

performed had a mesh linearity requirement. For the structural meshaitcbrate, load
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