3.7. Arc Jet Test Facilities?

Among all the ground test facilities that have been developed over the past 7 decades for testing
TPS, arc jet ranks as the most flight relevant and extensively used test facility in the history of TPS
development in the US. Arc Jet facilities played, and continue to play, a critical role not only in
the early screening and selection of TPS materials, but more importantly, in the flight vehicle

integrated development and in the flight qualification.
3.7.1. Introduction and historical background

In the late 1950’s, researchers in the US, for the first time, realized that the hypersonic re-entry
required solving the re-entry heating associated with deceleration [65]. Attempts to design
supersonic X-planes, hypersonic missiles, and re-entry systems for missions to Moon, Mars, and
Venus by NACA (which became NASA in 1959) required developing insight into re-entry heating
[66, 67]. The desire to develop a series of successful flight vehicles, first orbiting around earth and
then around Moon, and safely returning astronauts back to Earth required development of relevant
ground test facilities so that the thermal protection materials and system could be designed with
mission success in mind. Experience with sharp body flight tests led to the realization that metals
and coatings are not the solution for hypersonic re-entry and in order to be successful, re-entry
shapes need to be blunt [68]. The aerothermodynamic flow around blunt bodies were studied using
ballistic range and shock tunnels, but these facilities were not suitable for thermal protection
materials screening or development. Early attempts to use flight testing were expensive and
provided limited insight [67] [69]. In the mid 1950’s, arc jet facilities were beginning to be
designed in the US, based on World War 1l German design. The earliest picture of an arc jet test,
an X-ray image of the posttest article obtained in 1958 highlighted by G. W. Sutton in his historical
keynote address [70] is reproduced in Figure 3.17.

Fig. 3.17. The above figure from Ref [70] shows one of the earliest (1958) ablative TPS, silica-
phenolic, post-test article tested in the arc jet by the Chicago Midway Laboratories. One can

observe the tape wrapped material from the x-ray image and also the threaded screw at the bottom.

1 The material in this section is declared the work of the U.S. Government and is not subject to copy right
protection in the United States. This section was written by Dr. Ethiraj Venkatapathy, NASA Senior Technologist
for Entry Systems, NASA Ames Research Center, Moffett Field, CA.



Variant of silica-phenolic ablative TPS materials were used later in DoD ballistic missiles and on

NASA’s Mercury mission.

Mercury, Gemini, and Apollo missions all used ablative TPS. Arc Jet testing became essential
for ablative material screening and development in the late 1950’s and early 1960’s. Many
organizations in the late 50’s and early 60’s, private and public, designed, built and used arc jets
to support a variety of missions in support of both the civilian and military programs. During the
Apollo era, the challenge of reaching the Moon within the decade meant extensive flight testing.
For each flight test program to be successful, extensive testing was required. There was not a
single mission failure due to ablative TPS during the Mercury, Gemini, and Apollo programs.
Apollo programs success can directly be attributable to the extensive arc jet testing. The number
of arc jets as well as their uses in the 1960’s were phenomenal. This was driven by the need
during that period to develop intercontinental ballistic missiles as well as to the Apollo program
[71].

Figure 3.18 shows only a small number of arc jets relative to the many that were available at
that time. The number of tests performed in the development of Apollo TPS exceeded 10,000. It
also shows the variety of tests performed, not just material test but included TPS system integration
relevant tests as well. The figure shows the use of arc jets in the screening of TPS to in the
development and flight certification of TPS for Mercury, Gemini, and Apollo programs from 1960
— 1969. During the late 1950°s GE, AVCO, Chicago Midway, Plasmadyne, Rocketdyne, Boeing,
NASA MSC, NASA LaRC, and NASA Ames all had their own arc jets.

Figure 3.18. More than 10,000 arc jet tests were performed across a variety of arc jets
located across the US in the development of TPS for the Apollo program [71].

Termination of the Apollo program impacted the number of arc jet facilities around the
country and many of the facilities were closed due to lack of use. NASA facilities were
consolidated into two locations. The NASA JSC arc jet facility became the primary facility
devoted to Space Shuttle Orbiter TPS testing and NASA Ames arc jet facility became the primary

facility for planetary missions. This did not diminish the importance or the use of the arc jet in



TPS development and certification. Space Shuttle Orbiter development and flight certification
required equally large number of arc jet tests similar to the Apollo program. Space Shuttle Orbiter
program decided to forgo any flight test prior to the first manned flight unlike Apollo and one
can attribute this to the confidence gained through arc jet testing of a variety of Space Shuttle

Orbiter reusable TPS materials.

Figure 3.19 shows all of the NASA missions over the past 7 decades that required TPS. The
termination of the Space Shuttle Program led to further consolidation. NASA relocated the JSC
arc jet facility to NASA Ames after the Space Shuttle program. Today NASA Ames’ arc jet
complex has become the major facility in the nation for TPS flight qualification testing in support
of NASA missions such as Orion, Commercial Crew Vehicles, Mars 2020, Dragonfly, and other
planetary missions. Two other facilities, HYMET facility at NASA LaRC, VA, and the other, the
Boeing LCAT facility in St. Louis are used for TPS material development testing. Similarly, on
the Department of Defense side, over the years, consolidation has led to single major arc jet test

facility, namely Arnold Engineering Development Center (AEDC) in Tennessee.

Fig. 3.19. NASA Missions, from the 60’s through present, that utilized arc jet in their TPS
development (Courtesy of NASA Ames Research Center).

3.7.2. Arc Jet

An arc jet is a high-temperature wind tunnel. An electric arc, anchored between an anode and a
cathode, heats the high pressure and nearly stagnant gas to a high-temperature, high pressure
plasma. The heated gas is then expanded through a convergent-divergent nozzle to supersonic jet
(Figure 3.20). When a small test article is introduced into the jet, the conditions generated behind
the shock wave on the test article are similar to re-entry conditions on a spacecraft. By varying the
electrical power and the mass flow rate, the energy density (or enthalpy) of the gas stream and the
surface heat flux and the pressure on the test article can be varied for performing test to match

required flight like conditions.

The arc heaters are key features of the arc jet complex; they contain three fundamental
elements: a cylindrical volume for containment of the arc discharge (or arc), a pair of electrodes

(anode and cathode), and a nozzle [72]. The desired test gas is injected into the cylindrical section



and an arc discharge passes between the electrodes, heating the gas to a high temperature. The
plasma then flows through a converging/diverging supersonic nozzle, producing the simulated
atmospheric-entry heating environment. The design of the cylindrical confining device must
simultaneously satisfy numerous difficult requirements. The confining device must incrementally
withstand the voltage potential between the electrodes, which can total more than 20,000 volts
(V). It must be highly water cooled in order to contain the plasma, which can reach temperatures
in excess of 15,000°F (8,300°C). It must serve as a pressure-containment vessel; as such, all seals
and joints must be adequate to prevent leakage at conditions ranging from vacuum up to pressure
levels of several hundred pounds per square inch (psi). It must have adequate mechanical strength
for the loads involved. Finally, the materials used must have the proper electrical, thermal,

mechanical, and chemical properties to meet all of these requirements.

Figure 3.20. A schematic of the 60 MW segmented arc jet used in the Interacting Heating Facility
(IHF) at NASA Ames Research Center [73].

In contrast to the segmented arc heater, the Huels type, arc heater [74], shown in Fig. 3.21, is
much simpler to design and operate. But they do not provide consistent test condition as the arc
attachment point and the arc column length are difficult to control and the conditions can vary

during the testing.

Figure 3.21. Schematic of Huels arc heater design used in the H2 facility at AEDC [74].

Stability of the arc column, and control of the arc attachment points on the electrodes is
essential in order to maintain thermal-structural survivability of the plenum, optimum heat transfer
to the gas, and sustained electrical integrity of the arc discharge. Consequently, arc heaters are
commonly classified by the method used to stabilize the arc discharge within the chamber.

There are three primary types [75]. They are vortex stabilized arc heater such as Huels, which
uses a strong swirl inside the arc chamber to provide arc stability. Another type is magnetically
stabilized arc heater where stability of the arc column is maintained by means of external magnetic
coils placed around the heater plenum, which rotate the arc termination on the chamber wall. The

third category is a hybrid with respect to arc stabilization mode, typically utilizing vortex and



magnetic stabilization of the arc, along with segmented construction to efficiently produce a clean,
superheated test gas. The widespread utilization of the modern segmented arc results from
significant practical advantages inherent in the design which optimize performance of the heater
as a generator of non-vitiated high-enthalpy gas test flows. Arc Jets can be operated up to an hour
duration depending on the conditions. They are unique in that they not only provide high-
temperature gas at relevant conditions (Figure 3.22) but also longer duration testing necessary for

TPS development and flight certification.

Figure 3.22. Comparison of high-temperature test facilities in terms of stagnation temperature and
test duration [73].

In the US, there are only three arc jet complexes that can support TPS development and
certification. These capabilities were designed and developed with certain class of missions in

mind. Hence, the capabilities they provide are distinct with some limited overlap.

1. Ames Research Center Arc Jet Complex [72]:
a. 60 MW Interaction Heating Facility (IHF)
b. 20 MW Aerodynamic Heating Facility (AHF)
c. 20 MW Panel Test Facility (PTF) [includes the Truncated-PTF (TPTF)]
d. 12 MW (2”7 x 9” ) Turbulent Flow Duct (TFD)
e. 10 MW TP-3 (moved from JSC as a result of consolidation)
f. The Laser Enhanced Arc jet Facility (LEAF-Lite) in combination with IHF can provide
both convective and radiative heating by the use of multiple 50-kW CW lasers.
2. Arnold Engineering Development Center Arc Jet Complex [76]:
a. 30 MW High Enthalpy Ablation Test Unit H1 (HEAT-H1)
b. 45 MW HEAT-H2
c. 70 MW HEAT-H3
3. Boeing Large Core Arc Tunnel (LCAT) 12 MW Arc Jet Facility (St. Louis) [73].
4. 400 kW Hypersonic Materials Environmental Test System (HyMETS) arc jet facility [77] at
NASA Langley Research Center used primarily for material characterization of ceramic matrix
composite (CMC) materials, rigid and flexible ablators, high-temperature coatings, and for

performing research and development on plasma flow diagnostics.



One way to compare arc jet operational envelope is to compare the arc heater capability in
terms of pressure and enthalpy (velocity) achievable with relevant missions. Figure 3.23 shows an
altitude (= pressure) and velocity (= enthalpy) map of different missions and compare these to the
performance envelopes of the different facilities. AEDC arc jet test facilities were primarily
designed to produce test conditions relevant for ICBM and hence they operate at conditions that
simulate heating at higher pressure and lower velocity (lower enthalpy). NASA facilities were
designed with Apollo (Lunar return) and Space Shuttle Orbiter missions in mind and hence they
operate at higher altitude (lower pressure) and higher velocity (higher enthalpy). The LCAT
facility provides conditions that are comparable to that of NASA facility with a 12 MW Hules type

heater and hence it can test smaller test article compared to NASA arc jet.

Figure 3.23. Re-entry trajectory and the peak heating conditions for ICBM, Space Shuttle
Orbiter, Apollo, Mars, and Far Solar System missions are compared to the NASA Ames, Boeing

LCAT, and AEDC arc jet complex operational envelope [73].

The AEDC H2 facility does have a region of interest for NASA missions: it captures a portion
of the Apollo (CEV), Mars return, and far solar system return trajectories. But the peak heating
conditions of Mars direct return or far solar system return conditions, identified as red dots, are
beyond the capabilities of existing facilities.

The maximum arc heater power (current and volated) capability combined with the gas
injection mass flow rate can be adjusted to achieve a range of conditions in the constrictor section
which then can be expanded to provide flexibility in test condition by the use of nozzles. But the
primary control is the arc heater setting. Increasing power for a given mass flow rate, increases the
enthalpy and pressure and thus provides higher heat flux test capability. For a given power setting,
increasing the mass flow rate lowers the enthalpy but increases the pressure. For NASA missions,
both human and robotic, high enthalpy and high heat flux are desired as the re-entry happens at
much higher speed and the deceleration happens at higher altitude and hence at relatively lower
pressure. For DoD applications, desired flight conditions are at much higher pressure and lower
velocity. This means DoD missions are at lower enthalpy but much higher pressure. Hence, the

mass flow rate for the DoD are much higher to achieve higher pressure.

Arc Jet operations require substantial infrastructure in order to not only produce high-



temperature test conditions but also for long duration operations (Figure 3.24). DC power supplies,
de-ionized cooling water system, high-pressure gas systems, data acquisition system, steam ejector
vacuum system for creating very low pressure in the test section, and other auxiliary systems are
all required for its control and safe operations. For example, the NASA Ames Arc Jet Complex
has access to a very large DC power supply that can deliver 75 MW for 30 minutes. High-power
capability, in combination with the high-volume steam-ejector vacuum system, and high pressure
de-ionized cooling water system yields a unique suite of facilities that simulate high-altitude
atmospheric flight on relatively large test objects.

Figure 3.24. NASA Ames Arc Jet Complex, supported by a common infrastructure that occupied
(2 — 3) city block, consists of Aerodynamic Heating Facility (AHF), Interaction Heating Facility
(IFH)), Panel Test Facility (PTF), and Turbulent Facility (TFD) [72].

In order to conduct a successful arc jet test, the conditions desired should be achievable in the
arc jet. The arc jet operational envelope is determined by many factors. First, it starts with the arc
heater itself. It has limitations due to electrical power and mass flow rate of the gas that can be
introduced into the arc column, the operational pressure of the constrictor and the cooling water
pumping rate. Each facility mentioned above uses a variety of nozzles to expand the core flow to
provide a range of test conditions. For a given arc heater setting, test conditions achievable can be
modified by the nozzle geometry. The nozzle is often designed in segmented manner so as to
achieve some flexibility (Figure 3.25). The nozzles constructed in modular/segmented fashion can
modify the exit jet conditions. The size of the jet limits the size of the test article. In addition to
the nozzle segments, the jet can be expanded further. The test bay or cabin pressure also determines
how fast or slow the jet exiting the nozzle may expand. By maintaining the test cabin pressure very
low, by the use of the vacuum system connected to the test cabin, as the case at NASA ARC
facilities as well as in the AEDC H2 facility, the nozzle jet flow is over-expanded and thus larger
than nozzle exit diameter test article can be tested. In the case of AEDC H1 and H3 facility, the
nozzle exhausts into atmospheric conditions with a perfectly expanded jet and the test article size
is nearly equal to the nozzle exit diameter. The nozzles segments do not have to be axisymmetric
(Figure 3.26). Though the first nozzle segment is axisymmetric, since the arc heater core is

axisymmetric, the subsequent sections can be designed so that the nozzle transitions from an



axisymmetric throat to desired exit geometry.

Figure 3.25. Nozzle extensions are often used to expand the flow from to achieve lower test

condition with larger test articles in a given arc jet facility [72].

Figure 3.26. Schematic Drawing of a semielliptical nozzle used at NASA ARC [72].

The combination of segmented nozzles and control over arc heater setting provide a range of
test conditions. The range of facility operating conditions for the NASA Ames arc jet complex are
given in Table 3.5 and at AEDC in Table 3.6.

Table 3.5. NASA Ames Arc Jet Test Facilities Conditions [78]

Table 3.6. AEDC Arc Jet Test Facilities Conditions [79]

3.6.3 Test Condition in the Arc Jet

As the name implies, arc heated jet in the test section is generated by accelerating the plasma gas
in the arc column through a convergent-divergent nozzle to reach hypersonic speeds at the exit of
the nozzle. The test article will be introduced in the test section some finite distance downstream
of the nozzle exit. For a given arc heater setting and the nozzle configuration, the test conditions
can vary depending on the location of the model, nozzle shape, and the pressure of the test cabin.
The expansion of the jet, exiting the nozzle, is impacted by the cabin pressure. Typically, the test
article for TPS testing is either a blunt-body or a wedge. The test article produces a shock wave
that compresses the flow and modifies the conditions. The conditions that are relevant are the post-
shock conditions, which the test article is exposed to. In order to determine the post shock
conditions, conditions ahead of the shock are needed. Hence, it is necessary to know how ascertain
conditions at the location of the testing without the test article first and then determine the
conditions that the TPS test article will experience.

Figure 3.27. A simplified view of the relationship between flight and facility.

To relate the test conditions to flight condition, it is necessary to understand that the
state and the composition of the gas that the flight article surface is exposed to are also



the post-shock conditions during entry. In a simplified manner this is illustrated in Figure
3.27. What relates the flight to facility are the post-shock conditions. These may include
stagnation pressure, thermo-chemical state of the gas including temperature(s),
composition of the gas and enthalpy. The post-shock conditions cannot be determined
without knowing the conditions upstream of the shock whether in the facility or in flight.
The key parameter in arc jet testing is specific total enthalpy (H), especially since this is conserved
across a normal shock (i.e., the flow is adiabatic across the shock front) [80]. Specific total enthalpy
is a sum of three components—the internal part, the chemical part, and the kinetic part, i.e.,

Static
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where cs is the mass fraction of species s, hs is the standard enthalpy of formation, and V is the

velocity.

For the flight case, the kinetic part of the total enthalpy dominates the other two because: (i)
the freestream temperature is quite low and (ii) the chemical component of static enthalpy is
usually zero—for Earth entries, N> and Oz have a standard enthalpy of formation of zero by
definition. However, the chemical component is non-zero for entries into the Mars and Titan
atmospheres—CO; in the Mars atmosphere has a chemical enthalpy of formation of -8.9 MJ/Kkg,
and the small amount of CH4 in the atmosphere of Titan has a formation enthalpy of -4.2 MJ/kg
[80].

In the arc jet, total enthalpy is a measure of the energy in the stream. Enthalpy allows
the facility conditions to be relatable to flight. In an arc-heated stream, the flow velocity (hence
the flow kinetic energy) is smaller than flight, but the atomic species in the dissociated gas mixture
add to the chemical portion of static enthalpy. Furthermore, the vibrational temperature freezes (at
a high level) upon expansion in the nozzle and adds to the internal part of static enthalpy. The two
contributions raise the total enthalpy to flight-like levels. For a typical working medium, such as
air, the standard enthalpies of formation of N2 and O are zero (by definition). However, the
standard enthalpies of formation of N and O are 33.6 MJ/kg and 15.4 MJ/kg, respectively. If the



23% (by mass) of molecular oxygen in air is completely dissociated, the chemical content of the

gas could be increased by as much as 3.6 MJ/kg from atomic oxygen alone [80].

In the case of arc jet flow, the enthalpy varies (Figure 3.28) from the stagnation
(highest) value in the arc column to a much lower value in the test section as a result of

acceleration and the changing thermo-chemical state throughout the expansion.

Figure 3.28. The center-line enthalpy and the pressure profile.

Since the total (or stagnation) enthalpy does not change through the shock, if it can be inferred
from measurable quantities, then it is easy to relate facility post-shock conditions to the flight post-
shock conditions. The primary method of determining test conditions has been to directly survey
the region by measuring the stagnation point heat-transfer, pitot pressure and then relate it
to the total enthalpy. With certain assumptions the total stream enthalpy can be inferred from a
simultaneous measurement of heat transfer and impact pressure at the stagnation point of a blunt-

body, such as a sphere or cylinder using empirical correlation [81-83].

_ 4 /Reff
h_K /Pp

where k is a gas species dependent constant, q is the stagnation point heat flux, Reff is the
effective radius of the blunt-body, Pp is the total pressure, and 4 is the difference between
the stream and cold wall enthalpy. A clear advantage of this approach is that it gives a
spatially resolved measure of the stream enthalpy at the location of the heat flux and

pressure measurements.

It is a common practice to perform facility characterization across the jet at a desired
location downstream of the nozzle exit with both pitot pressure and null point calorimeter
sweeps to determine the variation of the enthalpy across the jet. In addition, slug
calorimeters are used to measure center line pressure and heat flux typically with every
test series (Figure 3.29). Such a survey provides a measure of the core flow diameter and

also provides the inherent variability within the core.

Figure 3.29. Standard calorimeters, (a) Hemi-sphere, (b) Iso-q, (c) Flat-face cylinders and



(d) Null point calorimeters. A small copper slug (or Gardon gauge) is located at the center
of each of the first three oxygen free copper calorimeters. The null point calorimeter has
a very small (and quick time response) heat-sensing element at the tip of the hemisphere-
cone body made of oxygen free copper. The sensing element of the null point calorimeter
is actually flat [80].

Figures 3.30 and 3.31 are from [80], show survey results for the NASA ARC AHF
and IH, respectively in terms of radial variation.

Figure 3.30. Profiles of heat flux and pitot pressure obtained by sweeping 5/8-inch
hemisphere-cylinder probes across the jet of the AHF 18-inch axisymmetric nozzle for
various arc-heater conditions. The probes were swept at an axial location of 10 inches
from the nozzle exit plane. The pitot pressure and heat flux traces show small variations

in what can otherwise be considered an uniform distribution (Figures and caption from
[80]).

Figure 3.31. Profiles of heat flux and pitot pressure obtained by sweeping a null point
calorimeter, and a 5/8-inch hemisphere-cylinder probe, respectively, across the jet of the
IHF 6-inch nozzle for various arc-heater conditions. The probes were swept at an axial
location of 3 inches from the nozzle exit plane. While the pitot pressure traces show
essentially uniform pressure across the jet, the heat flux traces show distinct profiles.
Assuming the effective radius of the null point probe does not vary across the jet, one can
conclude that profiles of total enthalpy have the same shape as the heat flux. (Figure and

caption from [80]).

The variations in the measurements are informative for two reasons. The variations in
enthalpy in the radial direction need to be taken into account in test design as well as
interpreting the results. These profiles indicate the core of the flow is smaller than the
nozzle diameter. Hence the model size will need to be limited and the model design needs

to take into account the size of the core region at the location where the model will be



tested.

It is not easy to measure the chemical and thermal state of the gas either ahead of the
shock or near the surface of the test article. Laser diagnostic and emission spectroscopic
techniques have been used with limited success, but they do not fully define the state [84].
It should be noted that arc jet testing cannot match all of the flight parameters. In addition,
arc jets have limited capability to test with right gas composition. Air and N2 are more
prevalent than CO: test gas and the test facility that was Hz/He gas for testing TPS for the
Galileo probe no longer exist. As a result of these limitations, the test conditions typically
are selected based on matching heat flux and pressure at relevant enthalpy. With different
size nozzle and the ability to control mass flow, current and voltage in the arc column,
the facility test envelope is described in terms of heat flux and pressure with respect to a
reference geometry (slug calorimeter). Figure 3.32, taken from [72], illustrates this.

Figure 3.32. Operating envelope of the AHF with 20-MW segmented arc heater [72].

In addition to the conical nozzles, some facilities use semi-elliptic nozzles where the
test article is typically a flat plate configuration mounted on the wall and takes advantage
of the wall boundary layer for shear dominated flow. Inserting and keeping the model in
the jet is not a trivial effort as there is significant mechanical and thermal load imparted
to the model and the sting arm holding the model. The model holder along with the sting
need to be strong and parts of it need to be water cooled. Each arc jet test facility has a
unigue way of introducing the model into the flow. In Figure 3.33, taken from [72], a
water-cooled model holder cut-away view along with pictures of the 5 sting arms in the

AHF and one of the two sting arms in the IHF are shown.

Figure 3.33. The test article model holder and the typical test set-up in NASA’s AHF and

IHF arc jet facilities.

Not all testing is done with stagnation test coupons. A wedge configuration (Figure 3.34)
allows for boundary layer to develop and provide effect of boundary layer including shear [85,

86]. Depending on the conditions, the boundary layer may be laminar or turbulent. Compared to



stagnation article, wedge tests typically provide lower pressure and heat flux compared to a
stagnation test at the same arc jet setting as the flow is expanded from the stagnation to the wedge

surface.

Figure 3.34. An example of a wedge test article used in early Crew Exploration Vehicle (CEV)
and in MSL TPS testing [85].

Designing test articles, whether they are stagnation or wedge, is an involved process and
requires a good understanding of facility capability, operations and limitations as well as a clearly
defined test objective. The integration of the model holder with the sting, selecting the right size
and shape of the test article, the data to be collected during the test, such as imbedded thermo-
couples or surface temperature, and post-test measurements and analysis all require complex pre-
test analysis. In terms of data collection, arc jet facilities provide some measurements as standard
practice and the feasibility of novel data collection have to be explored in consultation with the
facility operators. Most arc jet facilities measure and provide heat flux and pressure measurement
at the test section using calorimeters, and surface temperature using pyrometers, IR cameras, high
speed video and photographs are also standard in most facilities. It is standard practice to collect
data from thermocouple plugs imbedded within test articles using the facility data acquisition
system. In some facilities, IHF and AHF, laser induced fluorescence (LIF) measurement could be
requested with or without the model. Also, photogrammetric recession measurement (PRM) is an
optical technique to provide a time history of recession of an arbitrary number of points on the

surface and could be deployed as an optional measurement [72].
3.7.4 Facility to Flight and Test Design

Relating flight conditions to arc jet test conditions requires understanding the evolution of the
flight environment and then selecting a combination of test geometries and test conditions to meet
a specific test objective [87]. The entry vehicle surface is covered with TPS and the conditions
vary spatially. In addition, the condition at any given point will vary with time as well as during
the deceleration phase. A comprehensive flight like TPS test will require test capability to vary in
time for any given body point. This is not achievable or practical. Instead, for a given TPS, and for
a given mission, from the analysis of the flight environment, critical conditions are peak heat flux,

peak stagnation pressures and peak shear. A test series may be constructed to ensure that the TPS



material can withstand a combination of these conditions. These tests can be performed with a

combination of stagnation coupons and wedges.

This is illustrated in Figure 3.35, the time evolution of heat flux and pressure for a capsule is
depicted on the bottom left plot for a non-stagnation body point. At entry heat flux and pressure
are zero, and as the capsule start to decelerate, the heat flux and pressure start to rise (follow the
arrow) and peak heat flux is achieved first and then the heat flux starts to drop when the stagnation
pressure reaches a peak. Further deceleration brings down both the heat flux and pressure.
Similarly, the progression of heat flux and shear at the same point is shown in the top left picture.
While a stagnation test article could be used to test at critical points, a wedge test article offers a
way to test at conditions that may combine heat flux, pressure, and shear. It is challenging to vary
test conditions during the test and typical arc jet tests are performed at a fixed condition for a set
period of time to capture the ablation and thermal behavior.

Figure 3.35. The conditions vary spatially as well as temporally at any given point on the surface
of flight vehicle. The standard test geometries in the arc jet are either stagnation or wedge
geometries. The conditions achievable in the arc jet using these articles can only match a limited
sub-set of flight quantities. Typically, maximum heat flux and pressure could be matched using
stagnation test article. Wedge article may match peak shear at some relevant pressure or heat flux

but not all three.

Arc jet testing is also useful for screening (comparative testing) TPS materials, for developing
material thermal performance prediction models, and for exploring material or system
performance limit (failure). Typically, thermal performance modeling related tests are performed
with a stagnation coupon integrated with a thermocouple plug. Data are collected at different
conditions of heat flux, pressure, and heat-load and the experimental data base is used to develop
a thermal response model. For an ablative TPS, tests at high heat flux and pressure conditions will
provide recession data and at lower conditions, with minimal or no recession, the effect of
pyrolysis and thermal conduction can be measured. These two groups of tests then provide data
for developing an ablative thermal response model. Though shear may play a role, as shear is not
modeled in the thermal response models, testing under shear conditions and comparing data with

predictions allow for verification of the accuracy of the thermal response model. If shear results in



loss of material, due to melt flow or spallation, then the comparison will be poor. In the case of

non-ablative TPS, achieving flight relevant surface temperature will be the driving requirement.

Facility heat flux and pressure measurements made with standard calorimeters can help in the
selection of facility operating conditions, nozzle and test location. The heat flux anticipated on the
actual test geometry have to be inferred or it has to be measured using a calorimeter of the same
shape as the test article. Shear is never measured. For the use of a wedge test article shear has to

be computed using boundary layer theory or using modern computational fluid dynamic codes.

In the past decade, high fidelity computation fluid dynamic (CFD) methods, successfully used
in flight vehicle design, have been applied to modeling arc jet flow [80, 86, 88, 89]. These CFD
solvers provide much needed insight into flight as well as facility environment and their
capability can be very useful in test article selection, design, and in selecting arc jet test
conditions. Hence, using such tools for pre-test design and prediction allows comparison

of post-test results.

An example from [88] illustrates the capability of CFD tools. The objective was to
select arc jet test conditions relevant for recession dominated region of the flight and
demonstrated the predictive capability to model the recession when the shape of the article
is changing. The shape change in turn modifies the local heat flux and in turn changes the
rate of recession. Hence, the coupling between shape change and recession at the
stagnation location of the model was important to model and predict. The test provided a
way to validate the modeling approach. Figure 3.36 shows the stagnation coupon in the
arc jet. Figure 3.37 shows the CFD modeling and prediction of the arc jet nozzle (from
the throat) including the stagnation model. Figure 3.38 shows the thermo-chemical state
of the air along the nozzle center line. These finer details are impossible to measure and

hence CFD has become a necessary tool in arc jet test design.
Figure 3.36. Arc Jet test article used in the CFD simulation [88].

Figure 3.37. CFD simulation of the arc jet nozzle flow and the blunt-body test article in
the test chamber [88].

Figure 3.38. Flow properties along the IHF 13-inch diameter nozzle center line and model

stagnation streamline [88].



More complex and flight like geometries can also be tested using CFD. While it is more
expensive to design, manufacture and test such articles, they provide a unique advantage over
standard stagnation and wedge articles, especially for complex configuration testing or for

improving flight to facility traceability.

The example selected illustrates a complex test article involving designing and testing a
photographically scaled version of the flight article [90]. The SPRITE article, schematic shown in
Figure 3.39 and the actual article in Figure 3.40, was designed with CFD [91] (Figure 3.41) in
support of developing a set of complex tools to predict thermal soak problem of a sample return
capsule. The objective was to instrument and collect both TPS as well as internal temperature data
both during the arc jet test as well as during cool down, after the test, where the internal temperature
may rise due to heat-soak. In order to accommodate the large model, the test team had to assure
the facility that the model size would not result in flow blockage. This was first done with CFD
[91]. Next, a slightly larger wood spherical model was designed with CFD and then tested to
provide confidence that CFD predictions can provide confidence in model design. Figure 3.42
shows the picture of the wood article taken during the test along with CFD simulation on the right.
The model size did not choke the nozzle flow. More interesting is the predicted separation location
matches very well the observed separation location on the back of the wood model. Features, such

as separation on the back side was predicted by the CFD simulation prior to arc jet testing.

Figure 3.39. Schematic of the complex arc jet test article in support of Sample Return Missions
[90].

Figure 3.40. Sting mounted test article in the arc jet prior to testing [90].
Figure 3.41. Pre-test prediction for a large test article [91].

Figure 3.42. Wood blockage model during the arc jet test (left) and the pre-test computational
prediction (right) [91].

Use of CFD to design complex test article are more prevalent now than ever. The following
additional examples illustrate both the power of the CFD as well as arc jet testing. The C-PICA

test article shown on the left side of Figure 3.43 was developed for comparison testing of a new



conformal TPS similar to PICA with standard PICA [92]. C-PICA was used in the nose region
where peak heat flux and pressure will cause maximum recession. Three of the four segments
around the nose were made of C-PICA and one was made of standard PICA. All of the segments
were instrumented. This one test provided data for a combination of heat flux, pressure, and shear
at two different conditions and provided performance of C-PICA on three panels, and also data on

PICA to compare with.

Figure 3.43. Examples of complex arc jet test articles. C-PICA on the left and ADEPT

carbon fabric system on the right.

The test article on the right side of Figure 3.43 is a new deployable heat shield concept
[93]. It uses stitched carbon fabric draped over ribs and stretched (like an umbrella). This
complex configuration was a scaled down version of a flight test article and provided
conditions on the entire surface similar to the flight vehicle. It showed a complex heating
pattern that was predicted before the test, using our CFD solvers, providing confidence in

our ability to predict flight environment.
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Fig. 3.17. The above figure from Ref [70] shows one of the earliest (1958) ablative TPS, silica-
phenolic, post-test article tested in the arc jet by the Chicago Midway Laboratories. One can
observe the tape wrapped material from the x-ray image and also the threaded screw at the bottom.

Variant of silica-phenolic ablative TPS materials were used later in DoD ballistic missiles and on

NASA’s Mercury mission.
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Figure 3.18. More than 10,000 arc jet tests were performed across a variety of arc jets located

across the US in the development of TPS for the Apollo program [71].
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Figure 3.20. A schematic of the 60 MW segmented arc jet used in the Interacting Heating Facility
(IHF) at NASA Ames Research Center [73].
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Figure 3.21. Schematic of Huels arc heater design used in the H2 facility at AEDC [74].
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Figure 3.23. Re-entry trajectory and the peak heating conditions for ICBM, Space Shuttle Orbiter,
Apollo, Mars, and Far Solar System missions are compared to the NASA Ames, Boeing LCAT,

and AEDC arc jet complex operational envelope [73].
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Figure 3.24. NASA Ames Arc Jet Complex, supported by a common infrastructure that occupied
(2 — 3) city block, consists of Aerodynamic Heating Facility (AHF), Interaction Heating Facility
(IFH)), Panel Test Facility (PTF), and Turbulent Facility (TFD) [72].

Figure 3.25. Nozzle extensions are often used to expand the flow from to achieve lower test

condition with larger test articles in a given arc jet facility [72].
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Figure 3.26. Schematic Drawing of a semielliptical nozzle used at NASA ARC [72].
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Figure 3.29. Standard calorimeters, (a) Hemi-sphere, (b) Iso-q, (c) Flat-face cylinders and (d) Null
point calorimeters. A small copper slug (or Gardon gauge) is located at the center of each of the
first three oxygen free copper calorimeters. The null point calorimeter has a very small (and quick



time response) heat-sensing element at the tip of the hemisphere-cone body made of oxygen free

copper. The sensing element of the null point calorimeter is actually flat [80].
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Figure 3.30. Profiles of heat flux and pitot pressure obtained by sweeping 5/8-inch hemisphere-
cylinder probes across the jet of the AHF 18-inch axisymmetric nozzle for various arc-heater
conditions. The probes were swept at an axial location of 10 inches from the nozzle exit plane.
The pitot pressure and heat flux traces show small variations in what can otherwise be considered

an uniform distribution (Figures and caption from [80]).
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Figure 3.31. Profiles of heat flux and pitot pressure obtained by sweeping a null point calorimeter,
and a 5/8-inch hemisphere-cylinder probe, respectively, across the jet of the IHF 6-inch nozzle
for various arc-heater conditions. The probes were swept at an axial location of 3 inches from the
nozzle exit plane. While the pitot pressure traces show essentially uniform pressure across the jet,
the heat flux traces show distinct profiles. Assuming the effective radius of the null point probe
does not vary across the jet, one can conclude that profiles of total enthalpy have the same shape
as the heat flux. (Figure and caption from [80]).



1000
900
800
700
600
500
400
300
200
100

Stagnation Point Heat Flux cw to
101 mm diam sphere, W/cm2

w—7 " nozzle

—12 "
— 18 "
—24 "

— 70 "

nozzle
nozzle
nozzle
nozzle

0.001

0.01
Stagnation Pressure, atm

0.1

Figure 3.32. Operating envelope of the AHF with 20-MW segmented arc heater [72].

Cut-away view of AHF sting with

stagnation model

Figure 3.33. The test article model holder and the typical test set-up in NASA’s AHF and IHF arc

jet facilities.
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Figure 3.34. An example of a wedge test article used in early Crew Exploration Vehicle (CEV)
and in MSL TPS testing [85].
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Figure 3.35. The conditions vary spatially as well as temporally at any given point on the surface
of flight vehicle. The standard test geometries in the arc jet are either stagnation or wedge



geometries. The conditions achievable in the arc jet using these articles can only match a limited
sub-set of flight quantities. Typically, maximum heat flux and pressure could be matched using
stagnation test article. Wedge article may match peak shear at some relevant pressure or heat flux

but not all three.
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Figure 3.36. Arc Jet test article used in the CFD simulation [88].
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Figure 3.37. CFD simulation of the arc jet nozzle flow and the blunt-body test article in the test

chamber [88].
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Figure 3.39. Schematic of the complex arc jet test article in support of Sample Return Missions

[90].



Figure 3.40. Sting mounted test article in the arc jet prior to testing [90].
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Figure 3.41. Pre-test prediction for a large test article [91].
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Figure 3.42. Wood blockage model during the arc jet test (left) and the pre-test computational
prediction (right) [91].

Figure 3.43. Examples of complex arc jet test articles. C-PICA on the left and ADEPT carbon
fabric system on the right.



List of Tables

Table 3.5. NASA Ames Arc Jet Test Facilities Conditions [78]

Input Nozzle Exit Bulk Surface E;"" III :“ii ‘
Facility Feature | Gas | Power (inches) Enthalpy Pressure Ratn .,'
(Mw) (MJikg) (atm) (Wiem?)
Laminar | Air Conical 0.005 - 0.125 20 - 225,
AHF flow Ne | 20 | 12,18,24,30,36 | 1°-32 |0.0001-0.001 | 0.05-22
Separate .
0: Conical 0.1-0.5 0.6 - 1500
AHF/TP3 | gas N | 10 5,7.5, 10, 15 6-46 | 0001-002 | 0.5-250
injection
Conical
Laminar . 3, 6,13,21,30,41 0.010 - 6.0, 50 - 6000,
IHF flow a 60 Semi-elliptical L 0.0001 - 0.02 0.5-45
8 x 32
Caonical
Laser
IHFILEAF _ 9 0.010-1.2 | 200-1100,
- p':g:m i 60 Semi-elliptical 7-4r 0.0001 - 0.02 25 . 150
8 x32
Laminar P
PTF panel | Arr | 20 SemieRyio 5.-32 0.0006 -0.3 | 0.5-250
flow
Turbulent )
Turbulent Air 2x9
prrouent chﬂaon:el " 12 o d 3.5 —11 0.02-0.15 2 -65

*Heating rate shown above are for a cold wall, fully catalytic value on a 4-inch diameter

hemisphere.

**| EAF performance parameters are design estimates.

Table 3.6. AEDC Arc Jet Test Facilities Conditions [79]



Facility Name HEAT-H1 HEAT-H2 HEAT-H3

Atm. Exhaust Subatm. Atm. Exhaust
Facility Type

(Freejet) Exhaust (Freejet)
Maximum Run Time (minute) 1-2 3-30 1-2
Nozzle Mach Number 1.8t03.5 3.4108.3 1.8t03.5
Nozzle Exit Diamater (inches) 0.75t0 3.0 5.0t0 24.0 12to4.5
Stagnation Pressure (atm) Up to 100 Upto 12 Upto 115
Stagnation Enthalpy*

600-8,500 1,200-5,500 600-8,500
(Btu/lbm)
Mass Flow Rate (Ibm/sec) 0.5-8 2-10 3-25
Facility Power (NW) Upto 30 Upto 45 Upto 70

*Stagnation enthalpy inferred from stagnation heat flux and pressure measurements by the Fay-

Ridell method.
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