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ABSTRACT
SHOCK LAYER RADIATION MEASUREMENTS FOR MARS AND VENUS

ENTRY CONDITIONS IN AN ELECTRIC ARC SHOCK TUBE

by

Ramon Martinez

This work reports on upgrades in the Electric Arc Shock Tube (EAST) Facility
and shockwave characterization experiments performed at NatiormadaAgics and
Space Administration (NASA) Ames Research Center (ARC). The importénesting
in the EAST Facility is shown, detailing research work that has occurred iacthty f
A facility description follows, in order to explain how the facility isustured and how it
conducts operations. The EAST Facility upgrade project is summarized ¢otpres
current advancements in the facility. Calibration techniques are explamked, a
experimental data is presented. This data is obtained with the use of highdyizpeci
spectroscopic, vacuum, and optical equipment that is unique to this facility and was
upgraded as part of the upgrade project. Experimental data is shown for Mars and Venus
tests, spanning the Vacuum Ultra Violet (VUV) to Infrared (IR) portointhe spectrum.
Shock layer temperature analysis is performed for various data points in asttaii

Venus tests.
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Chapter 1

Introduction

During Hypersonic entry into planetary atmospheres, free stream leénetigy is
converted into internal energy of the gas as it moves across the bow shockaimaeds f
on the spacecraft. As a result, the high gas temperature behind the shockatage cre
ionization and dissociation within the gas (Panesi, Babou, & Chazot, 2008). &adiati
specific to the atoms and molecules present, is then emitted by the gasadigtismr
gives rise to a radiative flux that can be theoretically or experimegtdtiylated across
the spectrum.

Hypersonic planetary entry has been a scientific challenge for masicsaf
designs throughout time. Traditional spacecraft are developed based ocdiisapsule
designs like that of the Apollo program. The spacecraft consists of an aetiozhell
protects the payload. Upon entry into a planetary atmosphere, a bow shock is fotmed jus
ahead of the spacecratft, that highly influences design specifications fpaitecraft’s
thermal protection system (TPS). Design considerations for appropd&tentist be
considered to account for shockwave characteristics associated with nylamétg
Some characteristics associated with this type of shockwave are bplaydareffects,
viscous interactions, surface recombination, dissociation-ionization, transition t
turbulent, ablation, shock-shock interaction, and radiation (Cruden, Martinez, Grinstead,
& Olejniczak, 2009). Radiation is an important factor that is associated wgdéstgn

and can be calculated and analyzed experimentally.



Thermal energy associated with planetary entry must be absorbed catdid$ip
the TPS. A portion of the thermal energy that the spacecraft experiemmes ftom
radiative heat transfer. Blackbody radiative heat transfer scalsk@sm in Equation
(1.1), although a much higher dependence on velocity is seen in the EAST Facility.

pr, V8 (1.1)

In Equation (1.1),p is the free stream density, is the nose radius of the
spacecraft, antl is the entry velocity. As we see through Equation (1.1), radiative
heating becomes relevant for larger vehicles (latgeand/or high entry velocitied§.

The EAST Facility is a test facility that provides test data for the dprregnt and
validation of kinetic models of shock radiation used in entry radiative heatingsenaly
(Cruden, et al., 2009). The EAST facility currently supports various projects, including
NASA'’s Fundamental Aeronautics Program (Hypersonics), the CEV éerass
Project (CAP) and the In-Space Propulsion Technology Program. Shockoradiati
measurements have been performed in the EAST Facility for all of ghegeams.
Spacecraft designs under consideration for future Mars systems valigee &nd enter
the atmosphere at higher velocities, which will result in significaotls layer radiation
(Grinstead, et al., 2008).

The EAST Facility at NASA-ARC has the capability of creating &h@ves
representative of the Mars and Venus missions of the future. These conditions are
specified by entry trajectory velocities and expected atmosphessyseeconditions.
Comprehensive radiation testing was performed for various Mars and Venus ent

conditions, in order to gain a better understanding for the radiative heatingtigopé



these tests. Once this experimental data is post-processed, it is comparectticdhe
predictions and results are quantified based on experimental and theoretigatisons.

In the shock tube, the non-equilibrium gas is approximated by a one-dimensional
shockwave. This type of test is representative of the shock heated gas behind the
shockwave on a flight vehicle. Only flow divergence and boundary layer term&enust
neglected for this particular type of shock tube test (Grinsteatl, @008). As a result
of these assumptions, radiation emitted by the gas behind the shockwave is afsource
data validation for the development of analytical calculations and physicalsmode
Computational Fluid Dynamics (CFD). These comparisons allow for bettdicfioas
of aero-thermal environments for spacecraft entry into a given atmesgphehelp with
the development of TPS.

New Mars systems under consideration are larger than previous generations
making shock layer radiation an important portion of the heating environment for these
types of missions. Venus systems will enter the atmosphere in the order of 10 to 11
kilometers per second (km/s), which is dictated by the orbital mechantos ofttit
transfer (Grinstead, et al., 2008). Peak radiative heating occurs in the imesphere
representative of an atmospheric pressure of 1 to 2 Torr for these Vesigmmistems.

At such velocities and pressures, radiation is expected to be a significant portien of t

heating environment for all types of potential entry probes.



Chapter 2

Experimental Facility Description

The EAST Facility at NASA-ARC was developed for the purpose of using an
experimental facility to create high enthalpy conditions and shock heatsohgdating
entry for hypersonic vehicles entering different planetary atmospl@nestead, et al.,
2008). High enthalpy conditions in the EAST Facility can vary from 20 to 70 MJ/Kkg.
Test times are in the order of microseconds but depend on the velocity of the sleockwav
The facility has a broad range of uses but is mostly used for shock radiatiornjooniza
and gas kinetics research associated with hypersonic entry into plaatetaspheres.

The EAST Facility was developed in the mid-1960s in conjunction with the @&poll
program. Since then, it has supported various space programs for NASA.

A picture of the EAST Facility is shown in Figure 2.1. Current testing is being
conducted in the smaller of the two shock tubes, of which the shock tube driven diameter,
D, is 10.16 cm. The total length of the driven tube, which is measured from the main
diaphragm to the dump tube, is approximately 8.2 m. The arc driver energy isatklive

from a capacitor bank and will be further explained.



Figure 2.1. The EAST Facility at NASA Ames Research Center.

The energy for the arc driver discharge is supplied by a 6-tier capacitor
capacitance bank, which is located in a separate room adjacent to the shock tube. The
capacitor bank has a maximum energy storage of 1.2 MJ, with a total capatitaincan
range from 149 to 6126~. The maximum capacitance for 40 kV operation (used in
current tests) is 153@F (Grinstead, et al., 2008). The system inductance isui26d
the system resistance is 1.€mA picture of the capacitor bank is shown in Figure 2.2.
Capacitor bank test voltage set points depend on desired target shock velocities for the

given test. Shock velocities vary on a test-by-test basis dictated bgtpregsls.
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Figure 2.2. The 61tier capacitor capacitance bank.

EAST Facility instrumentation falls into two categories, facilityfpemance
instrumentation and spectroscopic instrumentation. Spectroscopic instrumestation i
designed to capture spectrally and spatially resolved shock radianceshedkeave
passes through the facility test section. Vital instruments for the EASility are
imaging spectrographs that capture spatially resolved shock radiatairagpeoughout
the shock layer. Shockwave tests are performed by imaging the shock lduy@me+
gated detectors. These shock layer tests are only possible with the desigiptidal
system that correctly magnifies and focuses the shock radiance on thparmineg
spectrometer and detector setup. Imaging spectroscopy is possibsefatility from
the deep VUV (120 to 200 nm) through the UV/visible (200 to 800 nm) and IR (800 to

1700 nm, 3000 to 5000 nm) regions of the spectrum.



Chapter 3

The EAST Facility Upgrade Project

The EAST Facility has been operational since the late 1960s. In 2008, there was
a need for a modernization of the facility, since the facility was still bepegated with
“legacy” equipment. As a result, a major modernization upgrade project tookqiace
both facility and testing related equipment and instrumentation used in the EAST
Facility.
3.1 Facility and Instrumentation Upgrades

Multiple motivations drove the EAST Facility upgrade project. One of the goals
of the upgrade project was to replace the legacy equipment and modernthiye fac
operations by automating various portions of operational techniques. A second goal was
to further enable spectroscopy studies, with an emphasis to make spaciapatially
resolved measurements into the VUV. A computer aided design (CAD) model of the

EAST Facility upgrades and modifications is shown in Figure 3.1.



Figure 3.1. CAD 6f EAST Facility modifications and upgrades.
Radiative heating is observed and predicted to be significant in the VUdrporti
of the spectrum for various hypersonic entry applications (Bose, et al., 2008)othk
CO,and Air applications, no good experimental data had been captured for radiation
measurements in the deep VUV, due to instrument and facility limitationse-n pr
upgrade EAST testing, this type of deep VUV measurement was not possibléo Due
difficulties associated with enclosing optics in a vacuum atmosphere, V@\ivdat
collected without imaging optics. As a result, data obtained were only diyectra
resolved. In order to enable imaging into the deep VUV, new LithiumiBriQLiF)
windows had to be designed and manufactured. Also, the VUV spectrometer was
upgraded as part of the modernization of the facility. The EAST upgcadenanodated

previous VUV issues and now enables deep VUV measurement.



The new optical configuration is now enclosed in a high vacuum chamber and a
vacuum grade spectrometer and detector are attached to this chamber. Adelidfm
the new setup is shown in Figure 3.2. Once calibrations for the upcoming test are
performed, the vacuum box is then coupled to the shock tube and the entire system is

brought down to high vacuum conditions. Radiation measurements are then able to be

measured down to 120 nm, through the use of the LiF windows.

Figure 3.2. Solid model of t vacuum box wit imaging system integrated.

There are two vacuum boxes, which have four spectrometer/camera systems
attached, that are able to take measurements from the VUV to IR portitves of t
spectrum. The coupled system is shown in Figure 3.1. The new vacuum box setup
allows for simultaneous measurements of shockwave radiance, via the four

spectrometers, all at the same axial location of the shock tube. Fully atomate



spectrometers allow us to change grating and slit widths with rela@des eia a software
program by the name of Winspec. A summary of the imaging spectrograpbrscati
along with important parameters for each system, is summarized in3[able

Table 3.1. Imaging spectrograph specifications after EAST upgrade

System VUV UV/VIS (Blue) VIS/NIR NIR/IR
(Red)
Spectral Range 120-450 185-650 500-900 535-1700
(hm)
Detector ICCD ICCD ICCD VisGaAs
Array size 1024 X 1024 1024 X 1024 512 X 512 320 X 256
Gate width, sho 0.1-1 0.1-1 0.1-1 051
conditions (is)
Spectrograph VM-504 SP2500i SP2500i SP2500i
model
Focal length (m 0.39 0.5 0.5 0.5
Slit 10-3000 (non- 10-3000 10-3000 10-3000
width (um) motorized

Also as part of the EAST upgrade, two pumping stations were modified and
implemented. The main facility valve was modified to increase condecganttoil free
mechanical pumps were implemented. These modifications allow the driven tube to be
evacuated to pressures in thé’ Torr range, prior to filling the test gas during testing
operations. These pumping stations provide the most contamination free simulated
atmosphere in the shock tube during the test. These upgrades further eliminatmevate
carbon dioxide contamination in the system. An automated overnight pumping procedure
controls pumping operations, heat, and purging cycles that reduce contaminat&n leve
As a result, the facility is able to achieve pressures in thi@ a6 range after overnight

pumping, which in pre-upgrade EAST pumping, took approximately 40 hours to achieve.
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An automated gas loading system was also implemented. This sysiem thk
shock tube to have pressure and gas mixtures preset prior to testing. This gas loading
system is interfaced with the shock tube firing system and allows the stectotbe
filled with the test gas during the charging sequence. A very importamiocaion to
the EAST upgrade was the implementation of the use of an oxygen plasma cleaning
source. The cleaning source creates O radicals which help remove sarfagn from
the shock tube walls. This method of cleaning has been shown to be successful in the
reduction of carbon and hydrogen contamination (Cruden, et al., 2009). The cleaning

device is pictured in Figure 3.3. This cleaning device is used during the overnight

pumping and purge cycles.

Figure 3.3. The oxygen plasma cleaning source installed in the shock tube.

New Photo Multiplier Tubes (PMTs) and Pressure Transducers (PCBs)laere a
implemented as part of the upgrade project. PMTs and PCBs are part of the Time of
Arrival (TOA) system used to measure shock arrival times, and hence, yelocit

EAST testing. The new configuration of the EAST Facility has port locatwribe new

11



type of sensors at 18 different locations along the shock tube. Nine of these lcmaions
clustered around the test section and are shown in Figure 3.4. These nine loations a
directly around the viewing area where radiation measurements are dalkdif

spectrometer and camera systems. PCBs and PMTs are used to chanacssure and
broadband radiance traces both as a function of time. PCBs are installed on the bottom of
the test section with blue wires as shown. PMTs are connected with orange fiber opt
cables and can be seen installed in the test section in Figure 3.4 as well. reMJexda

as part of the shot trigger system for shock imaging instrumentation. Ttemsaows

us to capture the shockwave arrival in the field of view of the camera. Both PMT and

PCB outputs are fed to the Data Acquisition System (DAS), which measui@ssva

parameters for the given test including but not limited to driver voltageentuoamera

trigger traces, PMT and PCB traces at different locations.

Figure 3.4. The new EAST Facility test section with PCBs and PMTs irted.

12



3.2 Design Wrk

Throughout work during the EAST upgrade project, many different parts required
design work to accommodate features of the new setup. As a result, there gras desi
work associated with the EAST Facility upgrade that was instrumental EAIRE
upgrade project. The following entails design work that was done on recommendation of
the EAST upgrade project.
3.2.1 Arc Driver Liner

A solid model of the Arc Driver Liner that is used in the EAST Facilityeensn
Figure 3.5. This part is essential to EAST facility operations, as itirdegral part to
the EAST Arc Driver assembly. This Arc Driver assembly must be takehaayhre-
assembled prior to each shot. The CAD model was designed based off of “legacy”
drawings in the facility, but a need arose for the creation of a solid model. olitlis s
model is now distributed to vendors and is used for the manufacturing and fabrication of
the part. It is currently used to create Teflon material driver lioerthé EAST Arc
Driver. However, there has been discussion on making a possible material tchipge
to reduce carbon contamination in the shock tube. The CAD model shown in Figure 3.5
is a cross-sectioned portion of the full CAD model that was designed in SolidWoiks. It

sectioned in this particular case for easy viewing.

13



Figure 3.5. CAD model for the Arc Driver Liner.

Upon being tasked to produce the solid model for the Arc Driver Liner, a
fabrication drawing must accompany the model. This fabrication drawsenido
manufacturers along with the solid model for fabrication purposes. This fatmicati
drawing is shown in the Appendix.

3.2.2 Calibration Mounts

Since the upgrade required major changes to the facility, different techniques for
calibration had to be considered. The implementation of a new optical setup, atnew te
section, and new spectrometer mounting systems, required new calibzatioigties to
be developed. To accommodate these facility changes, new calibratemsystd to be

considered.

14



3.221 Deuterium (D) Lamp Calibration Mounts

Using the B lamp for calibration enables us to make deep VUV measurements.
Since the Blamp calibration image only fills a small portion of the imaging area on the
camera, there existed a need to design a system that could mechanicallyomgvieea
window, and take corresponding images at pre-determined points along the window.
This system allows for more accurate calibration of the system and &repin detalil

in Chapter 4. In Figure 3.6, the CAD for the design of th&aBp calibration mounting

assembly is shown. The fabrication drawings are shown in the Appendix.

Figure 3.6. CAD model for the  Lamp Calibration Mounting Assembly.
3.2.2.2 I-sphere Calibration Mounts
Using the Integrating (I) sphere for calibration, enables caldwdtom the 300
to 1700 nm portions of the spectrum. Since radiation emitted from the I-sphere could

have potentially hazardous levels of ultraviolet radiation, the adapter fheegied to be

15



able to move simultaneously with the I-sphere. This adapter flange allt\is|él
calibration, while preventing radiation produced from the calibration lamp to kedllea
out to people in the nearby vicinity. In Figure 3.7, the CAD for the new design of the |

sphere calibration mounting assembly is shown. The fabrication drawindsaseen

in the Appendix.

Figure 3.7. CAD model for the I-sphere Calibration Mounting Asserhly.

16



Chapter 4

Calibration Techniques

Pre-upgrade, one of the most time consuming activities in a shot to shot basis, was
the calibration of appropriate spectroscopic and camera setups. One opthsepuof
the upgrade was to reduce calibration time, yet keep quality of calitsand
consistency within calibrations. In the new system, implemented spetétanhold
wavelength calibrations over extended periods of time. Now, a more optical-
mechanically stable system, allows us to see minimal changes in ¢atlibran a day to
day basis.
4.1 I-sphere Calibration

The I-sphere has been introduced to the facility as the method of calibration for
the 300 to 1700 nm wavelength range. The I-sphere has a 4 inch diameter port, which
has a peak radiance near 1180/cr-sr-nm. It is used as the primary absolute radiance
calibration source for the Visible through IR wavelength range. Sinceitioh 4
diameter port of the I-sphere does not cover the entire viewing areaaytite
window, we must take calibrations at different locations covering the epéiredd the
optical window. These are known as I-sphere calibrations taken at the centegrapstr
and downstream positions of the window. Examples of such calibrations are shown in
Figures 4.1-4.3 and correspond to the Red (Vis/NIR) system in the EAST Fadiéitg
the horizontal axis on the calibration image is the spectral axis (wgtelevhile the

vertical axis is the spatial axis (strip) as shown below.

17



vidt Isphere ctr (512X 512 X 1)

i:igure Z.‘l.ﬁliuéphere calibration taken at the center location.

14, Isphere us (512 X 512X 1)

k=7 TE= %

Figure 4.2. I-sphere calibration taken at the upstream location.

18



1. Isphere ds (512X 512X 1) 1

Figure 4.3. I-sphere calibration taken at the downstream location.

A flatfield is then created for calibration purposes using the centdreaps and
downstream data. An example flatfield is shown in Figure 4.4. This flatfield i
averaged depiction of the calibrations at the three locations described. libn&tioa

method allows a full field calibration for the entire span of the optical window.

¢, Flatfield (512X 512 % 1) =[ox]|
—
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4.2 D, Lamp Calibration

In regions below the 300 nm range, al@mp is used for calibration. This lamp
is used to obtain calibration measurements at multiple positions along the oghaafl pa
the window. When taking calibration measurements with thiarp, a calibration
image must be taken at the shot condition. This data must be then correlated to a
reference position taken with both the IBmp and the I-sphere at the same wavelength

location. An example of aQdamp calibration at a single position is shown in Figure 4.5.

Elgurmei 45 D lamp calibration for the VUV system at a single position.

These calibration sources and methods are designed to provide the most hassle
free and straightforward setup to allow calibrations to be done in a timelyeman a
shot by shot (i.e. daily) basis. The calibrations sources, along with nealopt
mechanical mounting techniques, have dramatically decreased calibration time
comparison to pre-upgrade testing. Typical shot calibrations require apprayidhat

hours of calibration time in the modernized EAST Facility.
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Chapter 5

Mars and Venus Test Results

Experiments in the EAST Facility require three essential parametdescribe
the test environment. Test gas, test gas pressure, and shock velocity arakeygra
in characterizing shockwaves that are created in the shock tube. Spetirakfeary
vastly based on the combination of these three parameters.
5.1  Testing Parameters

Test gas is a parameter that is controlled externally and is dictatestiby te
needs. Experiments done for Mars entry conditions consist of 962ar@@31% N by
volume. Experiments done for Venus entry conditions consist of 96.50a1&8.5%
N2 by volume. These gases are representative of Mars and Venus entry conddions int
the planet’s atmosphere. Test gas pressure is controlled externalliievithet of a gas
loading system and pressure measurement instrumentation used in the facdgg. Th
settings are dictated by test specific needs for each given testallgsits for Mars and
Venus entry conditions performed varied from 0.1 to 2.0 Torr atmosphersupes

Shock velocity is a semi-controllable parameter that is based on the charge
voltage applied in the capacitance bank that is chosen by the experimenteroBase
shock tube theory in Anderson (2003), shock velocity can be calculated in a shock tube

using the following relations:

Ms=2 (5.1)
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whereMs is defined to be the Mach numb#,is the shock wave velocity anq is the

local speed of sound defined to be:

a; =V1RTy (5.2)
wherey; is the ratio of specific heatR,is the specific gas constant afids the ambient

temperature Ms can be further simplified and is shown by the following relation:

_ [nti(me _
Ms = \/m (p1 1)+1 (5.3)

Where%is defined to be the pressure ratio across the shock wave. Combining Equations
1

(5.1) and (5.3) yields our theoretical shock velocity calculation given by;

N P
W = al\/ - (m 1) +1 (5.4)

Equation (5.4) would be sufficient to characterize shock velocities theoreti€ally

the problem were steady stage. is an experimental value which is difficult to measure

and shockwaves traveling down the shock tube experience significant sﬁra%?gand
1

y1. As aresult, Equation (5.4) is not sufficient for shockwave velocity calculations
pertaining to EAST Testing.

Shock velocities must be calculated from TOA sensor data, comprised of
experimental measurements of shock arrival times at different posiidms shock tube
based on either pressure or broadband radiance data.

The data presented shows a series of shots performed for Mars stiriy dene
in the EAST Facility. These shots give us sufficient data points to creatagete data

set for the 0.25 Torr and 8 km/s nominal shockwave velocity condition.
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5.2  Test Condition: 0.25 Torr, 8 km/s (Nominal)

To complete a data set for any given test condition one shot is not sufficient to
capture the entire 120 to 1700 nm portion of the spectrum. Thus, multiple shots are
combined in order to complete a data set for a given nominal test condition. As an
example, a single shot in the Mars test series is described, with additinpbatds
shown to complete the nominal data test condition. The target velocity foB%hats 8
km/s. The test gas used for this shot was 96% a0 4% N by volume and the
atmospheric simulated pressure in the shock tube is 0.25 Torr. Based off of previous
tests with similar conditions, the voltage control set point for the capagibamk was
set to 13.5 kV. The following are various pressure parameters that were measured and
associated with Shot 39.

Table 5.1. EAST Facility pressure readings for Shot 39.

Parameter Measured Pressure (Torr) unless otherwise noted
Base pressure 2.90E-06
Rate of Rise at 1 min 1.00E-05
Pre-shot base pressure 3.30E-06
Vacuum box pressure 1.30E-07
VM504 spectrometer pressure 3.10E-06 mbarr
Pressure control set point 0.25
Driver gas pressure 100 psi
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Base pressure is dictated by a mid-tube gauge reading which providesdiaeba
for the pressure of the tube after pre-shot pumping sequences. The ratatof nsie
parameter is used as a reference point to determine impurity levels intheshe
arising from outgassing or vacuum leaks. The pre-shot base pressure is rectivded as
last recorded base pressure before the test occurs and the test gheslisoarder to

better assess contamination. The contamination level in the tube can be essmated a

Pror —Ppgset Ppreshot: x 106ppm (55)
Ptest

For this example the contamination level is 10.4 ppm.

Vacuum box pressure and VM504 spectrometer pressure are parameters that
dictate whether the vacuum box is at appropriate vacuum levels for the teshetalga
vacuum box pressure of 2@ orr would result in a 1% absorption of radiation in the
vacuum ultraviolet, so these values ensure the absorption is approximately 2brders
magnitude less than that. The pressure control set point dictates the f@&sgare that
is loaded into the tube prior to shooting. This set point is known as our simulated
atmospheric pressure condition.

5.2.1 Shock Velocity Measurement
From Young and Freedman (2004), it is known that velocity is a function of both

distance and time. Therefore the following relation is defined:

dx
dt

V= (5.6)

whereV is velocity, andix/dt is the rate of change in distance This equation can be
directly applied to experimental shock tube velocity calculations withollening

relation:
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y, = Loa (5.7)

dtsq
wherel is shock velocitydx;,, is the rate of change in distance between TOA sensors
anddt,, is the rate of change in time based off of shock arrival between TOA sensors.
A PMT trace for Shot 39 is shown in Figure 5.1. PMTs specify the time the
shockwave passes the given PMT, by exhibiting a spike in broadband radiance. As
shown in Figure 5.1, the shock passes PMT M ay&7after the initial arc strike.

PhATHA
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A0k 4
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-200 -
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-300 -

-350 | 1 L 1 L L L ]

1 1 1
75 8 8.5 9 9.5 m  1ms N 1.5
time (g) T

Figure 5.1. PMT M trace for Shot 39.

Figure 5.2 is the pressure trace at location O (PCB O) for Shot 39. As we see a
sharp rise in pressure around 88rs6we mark this as the point of shock arrival at PCB
O. PCB O is a critical point, as it is the location of the camera trigger, and hal
correspond to the shock front location imaged on the spectrometers during the test. The
determination of shock arrival can be applied for all individual TOA sensor locébions

each shot. Table 5.2 summarizes all the TOA locations along the shock tube in distance
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(cm) and the time it took for the shockwave to reach the TOA locatiqséac) for Shot
39.

PCBO

Fressure (psi)

¥ 00008576
W 00623

1 1
7 g 9 10 1 12 13
time (5] T

Figure 5.2. Time of shock arrival for PCB O, Shot 39.

Table 5.2. TOA locations and shock arrival times based on Shot 39 data.

Position Along Shock Tube | Position (cm) TOA (psec)
F 699.9 777.50
G 710.1 789.76
H 756.6 846.90
I 764.9 857.26
J 773.1 867.58
K 776.3 871.58
L 779.5 875.66
M 782.6 879.52
N 785.8 883.68
O 789 887.60
P 792.2 891.72
Q 795.3 895.70
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Using data in Table 5.2, we are able to construct a shock velocity measurement
that was experimentally obtained using appropriate TOA sensors. Convéding
locations from centimeters to kilometers and TOAs for the shockwave from
microseconds to seconds lets us construct a relation to output shock velocity in our
desired (km/s) units. Solving Equation (5.7) experimentally lets us conatii@A vs.

distance plot as shown in Figure 5.3.

0.0082

0.008

0.0078
0.0076
0.0074 /
0.0072
0.007 / y =-1895x? + 11.24x - 0.0006

0.0068 T T T . .
0.00075 0.00078 0.00081 0.00084 0.00087 0.0009 0.00093

Distance (km)

TOA (sec)

Figure 5.3. TOA vs. distance data with a second order polynomial fit for Shot 39.

Upon fitting a second order polynomial to the data presented in Table 5.2, we are
able to calculate our shock velocity at position O in the test section. Applyingdegquat
(5.7), we are able to computeby;

x = —1895t% + 11.24t — 0.0006
Differentiating the equation yields our velocity equation given by;
V.(x) = —3790t + 11.24

Calculating the velocity &t0A,p, Yields;
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Ve(TOApcho) = —=3790(TO0Apcpo) + 11.24

1,(0.000888sec) = —3790(0.000888sec) + 11.24
Ve =7.87 km/s
5.2.2 Calibrated Shock Intensity
Upon characterizing the shock velocity for the given shot, we then are able to
calculate the calibrated shock intensity and analyze spectral fetitarese associated
with the shockwave. With the use of our 4 spectrometer and camera setups, we are abl
to resolve shock radiance both spatially and spectrally. Using Equation (5.8¢ adea

to compute shock intensity.

B, = rawldark (5.8)

Tshot

whereB, is the calibrated shot image in form(@f/cmz-um-sr), ,.,,, IS the raw shot
image in countd,,,, IS the dark shot image in couniSjs the calibration factor and

Tshot 1S the shot image exposure time. The calibration fdctsrdefined to be:

= ol (5.9)

Iyl D
wherer; is the reciprocity factor betweet,,, andzt,, L; is the calibration lamp absolute
radianceg, is the calibration lamp image exposure tibas defined to be the shock
tube diameter], ,. is the raw lamp calibration image in counts ndis the dark
calibration image in counts.
Instrumentation used to characterize shock radiance comes by the use of four
distinct spectrometer and camera setups. In Table 5.3, the four spectrodeiamara

set points are shown for Shot 39.
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Table 5.3. Spectrometer and camera set points for Shot 39.

Spectrometer| Grating | Range(nm)| Exposure Filter Slit | Temp
settings (ns) Width | (C)
(rm)
VUV 600/150 165-218 0.5 N/A 30 -20
UVIVIS 150/300 328-502 0.1 #3 30 -20
(Blue) (295nm cutoff)
VIS/NIR 50/600 480-900 0.1 #3 30 -20
(Red) (450nm cutoff)
IR 150/1200| 850-1050 1 #3 60 0

(665nm cutoff)

Figures 5.4-5.7 are the calibrated images for Shot 39 using the method outlined in

Equations (5.8) and (5.9). Data reduction for these calibrated shots is done invitbuse

an automated data reduction program in MATLAB. The data analysis technique is

addressed in part in Cruden, et al. (2009). The program outputs the calibratedashot dat

as spectral radiance versus position and wavelength. Cross sections of thageD im

may be selected to obtain an integrated radiance profile in (W/cc-BB apétial

direction, and an averaged spectral radiance profile in (W/gm¥in the spectral

direction.
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Figure 5.5. Blue calibrated shot data for Shot 39.
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Figure 5.6. Red calibrated shot data for Shot 39.
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Figure 5.7. IR calibrated shot data for Shot 39.
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One shot however is not enough to cover the entire 120 to 1700 nm data range. In
order to complete the data for the nominal test condition, we must take data from other
shots and combine it with the data from Shot 39. Key parameters such as test gas
pressure and shockwave velocity must compare to less than 1% for this method to be
considered valid. As a result, we can combine Shot 39 with Shot 44 data, due to the fact
that Shot 44 data is tested in the same test gas, has a veldgity 888 km/s, and was
tested at a pressure of 0.25 Torr. Methods for determifiagd test gas pressure are
similar to the example of Shot 39 that was previously discussed. Spectrometer and
camera set points for Shot 44 are shown in Table 5.4.

Table 5.4. Spectrometer and camera set points for Shot 44.

Spectrometer| Grating Range | Exposure Filter Slit | Temp
settings (nm) (ns) Width | (C)
(nm)
VUV 600/150 120-170 0.5 N/A 30 -20
UV/VIS 150/300 190-350 0.1 #1 30 -20
(Blue) (no cutoff)
VIS/NIR 1200/750 | 769-785 0.25 #3 30 -20
(Red) (450nm cutoff)
IR 150/1200 | 1050-1250 1 #3 60 0
(665nm cutoff)

The calibrated shot data is shown in Figures 5.8-5.10. This completes the data
set, with the exception of the IR data, for the nominal 8 km/s, 0.25 Torr condition in Mars

entry testing.
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Figure 5.8. VUV calibrated shot data for Shot 44.

12 .
10 ]
8 o
£
s
5 6 ]
.‘ﬁ
[e]
o
4 ,
2 |
0
200 250 300 350 0 2 4
Radiance (W/cm3-sr)
S 20— . : 193.41 to 34329 nm
[
B iy
g % 15 ,
£ 10 ]
85
wE 9 1
§ = 0 iE L
= 200 250 300 350

Wavelength (nm)

Figure 5.9. Blue calibrated shot data for Shot 44.
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Figure 5.10. IR calibrated shot data for Shot 44.

The need for two additional IR calibrated shot data images are needed teteompl
the nominal data test condition. The additional data is needed due to the low wavelengt
coverage of the IR camera during these tests. The following shot datani$rtakeShot
42 and 45. These two additional data points are required to complete the composite

spectrum in the IR. They can be seen in Figures 5.11 and 5.12.
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Figure 5.11. IR calibrated shot data for Shot 45.
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Figure 5.12. IR calibrated shot data for Shot 42.

Mean Spectral Radiance

5.2.3 Composite Spectrum

The purpose of the Mars entry condition shot analysis was to gain a better
understanding of how shock layer radiation behaves under the given circumstBgce
testing in 96% C@and 4% N, at a simulated atmosphere of 0.25 Torr and a nominal
shock velocity of 8 km/s, we gain a better experimental characterizatiba shock
layer radiation that occurs under the tested conditions.

By creating a shot composite spectrum and combining Shots 39, 42, 44, and 45,
we are able to characterize the shock layer radiation that occurs. Thisveatas a
better understanding of shock layer radiation from the 120 to 1700 nm portion of the

spectrum under the tested nominal entry condition.
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Figure 5.13. Mars composite spectrum at 0.25 Torr, 8 km/s nominal shock velocity.

As seen in Figure 5.13, the VUV-UV portion of the spectrum constitutes a
significant amount of the shock layer radiation for Mars entry in the testedioosdi
The VUV (120 to 200 nm) is dominated by the CO (4+) system, and shows that it
exceeds all other spectral features in the spectrum, as expected. This) S@(dm is
the most intense across the composite spectrum. The spectrum also shows tevo atomi
carbon lines at 193 nm and 248 nm.

We also see the vibrational manifold of the CN Violet system andA$sv&n
system showing up in the UV-VIS portion of the spectrum. These manifolds also

account for a significant portion of the shock layer radiation emitted undexstiee t

entry condition.
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In the NIR-IR portion of the spectrum, we see relatively weak peaks as compared
to the other portions of the spectrum. This portion of the spectrum consists of various O
atom emissions and a much weaker CN Red system.
5.3 Composite Spectrum for Various Test Conditions in Mars and Venus

Figure 5.14 shows a combined composite spectrum for 6 nominal test conditions
in Mars and Venus test gas. The data is combined and reduced in a similar fashion as
shown in Section 5.2. The nominal test conditions that were tested in Mars and Venus
entry conditions are depicted in Figure 5.14. This updated work is based off of previous
work shown in Cruden, et al. (2010). The updated data is reflected in the VUV and IR

portions of the spectrum. Each spectrum is composed of multiple shots.
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— 1 Tarr, 9.5 knv/'s (Venus)
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Figure 5.14. Mars and Venus combined composite spectrum.
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Chapter 6

Mars and Venus Temperature Analysis

The EAST Facility is also capable of taking higher resolution spectrosdatac
Specific to each spectroscopic setup, both medium and higher resolution images are able
to be captured for each shock tube test. This higher resolution data allows us to capture
and analyze relevant parameters such as gas temperature through noreintrusi
spectroscopic diagnostics. Medium resolution images of CN abdr@l systems were
captured. These measurements were used to analyze for rotational and vibrational
temperatures. These estimates are performed by fitting anatiaiand of the
appropriate diatomic species in the emission. Both the CN a@ohi€sion bands are fit
simultaneously for rotational and vibrational temperatures. Vibrational tatoper

(T,ip) is determined by fitting the integrated band intengigy,( ) to;

E s
Iy, 77451;’17” exp (— kTZib), (61)

whereE s is the energy of the excited statas the frequency of the light emitteld s

the Boltzmann constant asgr, is the band strength for that transition (Cruden, Rao,
Sharma, & Meyyappan, 2002). Upon fitting these bands, there are various assumptions
made. We assume that the rotational population of the species that is beinlgalidiske
thermally equilibrated or close enough for non-equilibrium characteyigtibe

negligible. Another assumption is that the rotational temperature of thedestate that

emits is equilibrated with the ground state temperature.

38



6.1 CN(0,0), B2Y+ — X231

The following is an analysis technique used for calculating rotational and
vibrational temperature§’(,; andT,;;,) of a CN system in both Mars and Venus test gas.
The analysis is dorfer test conditions that are applicable in Mars and Venus entry
conditions. These conditions are a function of test gas pressure and shockwate veloci
The structure and routine that is used for this analysis is outlined in Cruaé&n2602).
6.1.1 CN (0,0),B*Y" — X2¥' %) in Equilibrium

The CN that is present in the system is due to the interaction of carbon and
nitrogen in the shock tube. This CN system is known as theBER(— X2Y't)
transition. The (n,n) progression spans from approximately the 370 to 390 nm portion of
the spectrum and is seen in Figure 6.1. The strongest band is the (0,0) vibrational
transition, with other transitions being describediy}, which are also seen in the
spectrum. In this particular work,values vary from 0 to 8. These ¢) values are fit
to the spectrum based on band strength measurements, which are deterrfnaed-by
Condon factors. The band strengths are taken from Danylewych and 8l(d9B).
The Boltzmann population is determined using the lower state rotational constants

The following is an example of a calibration shot image, of a medium resolution
CN (0,0) system that was used for gas temperature analysis. In Figure @libtiated

data is shown with a spectral radiance profile and a positional radiance.profil
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Figure 6.1. CN system for Shot 45.
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Figure 6.2 shows the spectral radiance spectrum for Shot 45. This specttum is fi
to a temperature synthetic spectrum, which was calculated usingrtimségarch”

function in MATLAB.
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Figure 6.2. Shot 45 temperature fit for a CN (0,0) system.
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Only one spectrum and temperature fit is presented. However, a comprehensive
data set is depicted in Table 6.1. This data represents all applicable CN (0,0)
measurements that were used for gas temperature analysis fardarsnus entry
conditions.

Table 6.1. Rotational and Vibrational temperature fits for various CN (0,0) systems

Shot P (Torr) V (km/s) Trot (K) Tvib (K)
Mars

7 0.993 6.82 6630 7930
8 0.993 8.19 6910 8640
28 0.25 6.7 6250 7150
36 0.1 8.39 6590 7820
41 0.251 7.5 6500 6980
45 0.251 8.06 6810 7740
Venus

14 0.994 9.15 7740 9230

6.1.2 CN (0,0), B2Y* — X2¥'*) Temperature vs. Position

The following measurements and calculations were taken using the same
technique and routine as previously discussed in Section 6.1.1. However, the spectral
radiance measurements for this analysis are not taken in the “equilibggrai of the
shock. The purpose of this analysis is to gain a better understanding of gasati@mpe
as a function of spatial location along the shock. Figure 6.3 is the calibrateththtur

Shot 41.
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Shot 41 (Blue) - 7.50 km/s, 0.25 torr
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Figure 6.3. CN (0,0) system for Shot 41.

Using these calibrated data points, various horizontal transverse sectidaisesr
along the position axis. The data yields radiance measurements along tbe passtof
the shock, which can be analyzed for temperature data. The spatial resolthi®fitaé
limited to the viewing angle of the optics and the charge blur on the caleeato each
data point being taken on an average of a 10 pixel section, the data corresponds to 1.2
mm. Since the exposure time of the camera was 0.25 us for this particular shdag the da
results in a 1.9 mm spatial blur (Cruden, et al., 2010). The blur effect assoatatétew
data is most significant in regions where the radiation changes rapidly. In tigslpar
case, the blur effect is seen at the front of the shock. It is difficult tmabtiecent
spectrum at the rising edge of the shock due to this blur effect. Howevelakation

portion of the shock can be characterized.
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Thus various spectra are taken across the spatial direction of the sheckwica
temperature fit is applied to each position. This method allows the problem to be
characterized for gas temperature as a function of position along the seckWhe
following is a temperature fit for a spectrum taken at a position of 3.42 cm.
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Figure 6.4. Temperature fit for Shot 41 at a position of 3.42 cm.

Figure 6.5 equates various rotational and vibrational temperatures asienfanc
position along the shockwave. The shock front is seen at a position of 2.95 cm. These
data points are representative of a 0.25 Torr and 7.5 km/s case. The high vibrational
temperature near the shock front is expected. However, the rotational temgisrabt
predicted well in the relaxation portion of the shock compared to predicted two-
temperature models, which suggests that there could be rotational-vibratiersgt e

coupling in this portion of the shock.
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Figure 6.5. Vibrational and Rotational temperature as function of shock psition.

62 G(00),@d@n,—-a*m,)
The following is an analysis technique used for calculating rotational tataper
(T,,:) of a G system in both Mars and Venus test gas. The analysis is for all tests in
Mars and Venus entry conditions which view the(@O0) system. The temperature data
is presented as a function of test gas pressure and shockwave velocity. udlticals
for T,.,+ in this section are assumed to be done in the “equilibrium” region of the shock.
The structure and routine that is used for this analysis is outlined in Cruden2603). (
The G that is present in the system is attributed to the excited triplet sfaies
The G systems are known as th@(ﬁ317g — a311,) Swan band transitions and are
observed in the 500 to 560 nm portions of the spectrum. An example of (b®)C

system is seen in Figure 6.6.
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Figure 6.6. G (0,0) system for Shot 29.

The energy levels for this work were calculated using updated constants from
Tanabashi, Hirao, Amano, and Bernath (2007). In this particular waddues vary
from O to 4. Thesey(v) values are fit to the spectrum based on band strength
measurements, which are used from updated measurements in Rodio (2010), which also
vary from 0 to 4. Thé values vary in range fro8y; to S44. The (0,0) band is the most
prominent, although it is overlapped by various other bands including the (1,1) band.
The Boltzmann population is also determined using the upper state constants in
Tanabashi et al. (2007).

The instrument line shape (ILS) was determined by fitting anrerapiine shape
to known atomic lines observed in the spectrum close to the test wavelengths. The ILS
was empirically calculated and fit using a mixed Gaussian and Lorefinetion. An

example of the ILS fit for a 20 um slit case is seen in Figure 6.7. An HgAampip ils
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used and the reference atomic line that is fitted is a HgAr line at a cé5#6.07 nm.

In Mars and Venus testing, shot settings dictated tests to be done in 20 um, 30 um, and
60 um slit widths. Since slit width is essential to calculating ILS pregeidr a given

test, ILS values were calculated for each slit width used during thé¢se Té®se values
were then implemented into the temperature fitting routine based on whiaidgtitwas

used for the particular test being analyzed.

1 6 T T T T T T T T T

—ILS fit
14 — Huoér pinlamp e}

Intensity
o
T
I

| S

0
536 538 540 542 544 546 548 550 552 554 556
Wavalength (nm)

Figure 6.7. ILS fit for 20 pm slit.

The following is a radiance spectrum and temperature fit for Shot 29. The data is
seen in Figure 6.8. A comprehensive data set for,dlD0) tests performed in Mars and
Venus entry conditions is depicted in Table 6.2. The vibrational temperatures seem to be
over predicted, possibly due to the spectrum not being in complete equilibrium and a

wavelength shift in the 501 to 504 nm portion of the spectrum, thus are not presented.
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Figure 6.8. Shot 29 temperature fit for a G (0,0) system.

Table 6.2. Rotational temperature fits for various G (0,0) systems.

Shot P (Torr) V (km/s) T rot (K)
Mars

7 0.993 6.82 5276
8 0.993 8.19 6397
29 0.25 6.5 6005
37 0.1 8.43 5937
42 0.251 8.09 6077
Venus

9 0.991 8.78 6918
10 0.999 8.95 7167
14 0.994 9.15 7100
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63 G(01),@n,-a*mn,)

This analysis accounts for all applicable tests in Mars entry conditiongeat
the G (0,1) system as a function of test gas pressure and shockwave velocity. The
structure and routine that is used for this analysis is outlined in Cruden, et al. (2002).
6.3.1 G (0.1), @n, — a*m,) in Equilibrium

An example of a €(0,1) system is seen in Figure 6.9. This data is representative
of Shot 45 in the Mars testing series. The energy levels for this work Wenéated
using updated constants from Tanabashi et al. (2007). In this particulanwailiies
vary from 0 to 6. Values are fit to the spectrum based on updated band strength
measurements which were determined in Rodio (2010). Theslelies vary in range
from S1oup toSe7. The Boltzmann population is also determined using the upper state

constants. The ILS fit procedures are the same as shown in Section 6.2.
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o 4 : 0
@ 545 550 555 1] 0.1 nz
= g Radiance W/ cma3-sr)
T 541.45 to 558.35 nm
o 7

s

=

E

LI'] =

= = 0

o 545 550 555

Wavelength (nm)
Figure 6.9. G (0,1) system for Shot 45.
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The following is a radiance spectrum and temperature fit for Shot 45. This data is
seen in Figure 6.10. A comprehensive data set for,dlD,T) tests performed in Mars
entry conditions are depicted in Table 6.3. The vibrational and rotational teéompsra
seem to agree fairly well suggesting close to equilibrated spectrumllass sufficient
bands being implemented into the routine. Table 6.3 summarizes all temp#t alatee

for the G (0,1) systems as a function of test gas pressure and shockwave velocity.
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YWavelength (Angstrom)

Figure 6.10. Shot 45 temperature fit for a G (0,1) system.

Table 6.3. Rotational and Vibrational temperature fits for various G (0,1) systems.

Shot P (Torr) V (km/s) T rot (K) T vib (K)
Mars

9 0.99 7.89 6611 7409
12 0.99 7.03 6419 6969
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28 0.25 6.7 5671 6652
36 0.10 8.39 6551 6908
41 0.25 7.5 6135 7010
45 0.25 8.06 6630 7154

temperature fits versus pressure and shock velocity for varip(@ X} systems. Figure

The following is a graphical representation that summaries vibrational

6.11 shows a representative set of error bars that is associated with the aatbargr

indicate a confidence level of £10%. Shown as solid lines, are predicted equnlibri

temperature data points for these conditions. As seen in Figure 6.11, a stronger

dependence is shown with velocity in comparison to pressure. All data shows agre

within the confidence limit that is described.
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Figure 6.11. Summary of vibrational temperature data for G (0,1).
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6.3.2 G (0.1), @Mn, — a*m,) Temperature vs. Position

The following measurements and calculations were taken using the same
technique and routine as previously discussed in Section 6.3.1. However, the spectral
radiance measurements for this analysis are not taken in the “equilibriunri céghe
shock. The purpose of this analysis is to gain a better understanding of gas temperatur
as a function of spatial location along the shock. Figure 6.12 is the calibratechapet i

for Shot 36 with a cross section taken at 5.35 cm.

0
0 001 002 003 004 008
Radiance (W/cm3-sr)
54084 to 557 64 nrn

srurm)

ectral Radiance

Sp
(Wem3-
=
&

I I I I I I I I I
o402 544 546 548 250 582 554 556 258
Wavelength {nm)

Figure 6.12. Calibrated Shot 36 with cross section taken at 5.35 cm.

Using these calibrated data points, various horizontal transverse sectitalsesr
along the position axis. This method yields various radiance measurement$along t
position axis of the shock, which can be analyzed for temperature data. The spatial
resolution of the fit is limited to the viewing angle of the optics and the cldugen the

camera. Due to each section being taken on an average of a 10 pixel section, this data
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corresponds to 1.2 mm. Thus, the rising edge shock is difficult to capture. However, the
relaxation portion of the shock is able to be characterized and fit.

Various spectra are calculated across the spatial direction of the sheckmha
temperature fit is applied to each position. This method allows the problem to be
characterized for gas temperature, as a function of position along the sheckwa

Figure 6.13 equates various rotational and vibrational temperatures. The shock
front is seen at a position of 2.2 cm. This data is representative of a 0.1 Torr and 8.4 km/s
shock velocity case. The high vibrational temperature near the shock front is éxpecte
However, the rotational temperature is not predicted well in the relaxation portioa of

shock compared to predicted two-temperature models.
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Figure 6.13. Temperature as a function of shock position.

52



6.4 Temperature Results

Figure 6.14 summarizes alb @nd CN rotational temperature fits versus pressure
and shock velocity. Solid markers indicate fit temperature data fromy{{0e0F systems.
Open markers indicate fit temperature data from th@®@ Q) systems. Open markers with
a horizontal line indicate fit temperature data from the CN (0,0) systems. A
representative set of error bars is shown, indicating confidence lin#ii©&6. Shown as
solid lines are equilibrium predicted temperatures for these conditions. MosDde¢s
well within the confidence limits with the exception of 1 Tors(@O0) systems. These
are indicated in the plot by solid blue markers. All other data for fl@@ CN systems
described are within confidence of the error limits. As seen in the da&jshestronger
dependence on velocity than pressure. Figure 6.14 captures all rotational teraperat
data that was analyzed and that was experimentally captured feralthienus entry

conditions.
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Figure 6.14. Summary of rotational temperatures for the Gand CN systems.
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Chapter 7

Conclusions

Presented was a background investigation showing why shock layer radiation
testing is important both at an experimental and analytical level. A pigscrof the
EAST Facility was shown to facilitate the reader in understanding badityfa
operational and instrumentation techniques used. A summary of major EAST upgrades
shown, which allows the reader to gain a more in-depth knowledge of currerttazera
in the EAST Facility. Experimental procedures are characterizeao talibration and
analysis techniques employed in EAST testing. These procedures and analysis
techniques show the relevance of shock layer radiation testing taking plac&kSihe
Facility. A composite spectrum was presented to give an overview picaltpominal
data set in Mars test gas. A more comprehensive composite spectrunt tash®@en
for Mars and Venus testing, with recent updates to the VUV and IR portions of the
spectrum. Temperature analysis was performed and data was présem@dcterize
gas temperature as a function of test gas pressure and shock velocitgxpEnisiental
data has the potential to be compared to analytical data, which can be ineorpurat
CFD models to assist and better understand shock layer radiation. Thesdasmre@ae

influential and useful in the creation of a TPS system for a future spacecraf
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Appendix:

Fabrication Drawings

The Appendixhows fabrication drawings associated vSectior 3.2.
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Figure A.1. Fabrication drawing for the Arc Driver Liner.
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