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When a spacecraft traveling at orbital speeds enters a planetary atmosphere, shock 

waves and friction heat the surrounding air to temperatures in excess of 6,000 K. Often the 

only way to protect the spacecraft structure is to insulate it with a layer of sacrificial 

material that absorbs the heat by thermally degrading and ablating away. As the interior of 

the material heats up, it pyrolyzes into gaseous byproducts which are expelled through the 

charred surface of the material and provide an extra buffer between the hot free stream and 

the spacecraft. The performance of these charring ablative materials depends on poorly 

understood chemical, thermal, and mass flow interactions of the material with the 

superheated free stream fluid.  

The current work characterizes the flow and operating range of a new inductively 

coupled plasma based high enthalpy flow facility for testing high-temperature thermal 

protection materials. The facility uses magnetic induction to heat up to 1.5 g/s of air to 

temperatures of between 5000 K and 6500 K. The flow uniformity, total enthalpy and heat 

flux of the plasma stream are measured. Raman spectroscopy is used to measure the gas 

temperature within the flow and calculate an enthalpy distribution.  
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The facility is used to investigate the effect that injection of ablation products into 

the boundary layer has on the heat flux into the material and mass loss rate of the char 

surface. The ablation process is simulated by injecting a gas mixture through a FiberForm 

test sample so that the flow and composition of pyrolysis products, which usually depend 

on the specific material composition, can be varied independently. It was found that all gas 

compositions tested reduced the rate of surface recession and chemically reactive mixtures 

reduced it the most. Emission spectroscopy in the boundary layer showed the mechanism 

to be reduced oxygen diffusion to the surface. However, if the heat of combustion of the 

pyrolysis products was too high, the heat flux to the surface was not reduced. For materials 

with above a 60% char yield, pyrolysis gases have little effect. 
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Chapter 1: Introduction 

A key component of many space missions is landing on the surface of a planetary 

body, whether it is returning to the Earth once the mission is complete or landing on another 

celestial body like Mars. Before landing, a spacecraft must shed all of its orbital kinetic 

energy in a relatively short time. This can be achieved using retro-thrust, and indeed for 

airless bodies this is the only option. However, for celestial bodies with a significant 

atmosphere, by far the most economical method for reducing velocity is aerodynamic drag, 

though this method presents its own engineering challenges. Shedding all of the kinetic 

energy of the spacecraft in the 15 to 20 minutes it takes to land translates to tens to hundreds 

of megawatts of compression and friction heating rate.  As Roberts rather drily notes in his 

1960 paper on ablation cooling, 

A large fraction of this energy is transferred to the atmosphere…, nevertheless the 

remainder, which appears as the aerodynamic heat input to the vehicle, is of such 

magnitude that its disposal constitutes a major problem.[1] 

Nearly sixty years later, disposal of this excess energy remains a major driving 

factor in the design mass of reentry craft. The total mass of the thermal protection 

subsystem for the Apollo command module, for example, was nearly 800 kg [2], and that 

of the Space Shuttle Orbiter was a little over 9,000 kg [3]. The most extreme example of 

the importance of thermal protection system mass in the overall spacecraft launch mass 

was the Galileo Probe designed to enter the Jovian atmosphere and take composition, 

pressure, and temperature data. The spacecraft entered the Jovian atmosphere at a blistering 

relative velocity of 47.4 km/s and encountered a peak heating rate of over 30 kW/cm2 [4]. 

In order to survive this extreme environment, the thermal protection subsystem of the probe 
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comprised 50% of the total mass [5]. Given these high values of overall TPS mass, a better 

understanding of the physics of thermal protection materials could have a significant 

impact on the overall mass of future spacecraft and allow more cargo to space for the same 

launch mass. 

Developing a detailed understanding of how materials respond to the extreme heat 

of atmospheric entry, however, is a challenging task. Accurate reproduction of the 

conditions of reentry requires extreme temperatures and pressures that are difficult and 

expensive to replicate in ground test facilities. Typically a material will be put through a 

battery of tests designed to match certain key properties of the flight conditions to develop 

empirical relations that can then be used in a simplified computational model to calculate 

the flight conditions on the full spacecraft TPS. The results of these calculations are then 

used to determine the amount of material needed to keep the spacecraft safe during reentry. 

Because of uncertainty in the results of the combined computational modeling and ground 

testing, often as high as ± 40% [6], a significant factor-of-safety must be applied to the 

final TPS design. The factor-of-safety results in a design that is significantly heavier than 

it probably needs to be, increasing the cost of the space mission considerably. 

Additionally, the predictive power of models based on empirical relations for a 

given material is limited. Development of new, more effective TPS materials could be 

better enabled through higher fidelity computational codes that directly model the chemical 

reactions and transport throughout the material, boundary layer, and flow.  

Laub and Venkatapathy, in their review of thermal protection systems for 

interplanetary missions [5], point out that one of the most important ways that 

computational models of ablating heat shields could be improved for future missions is 
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through improved modeling of the coupling between the ablation and pyrolysis products 

and the external flow conditions. One example they give is that the instrumentation on the 

Galileo probe thermal protection system indicated that at the shoulder of the leading edge 

of the heat shield, the models severely under-predicted the amount of recession of the TPS 

material due to poor understanding of how the material couples with the flow. 

1.1 GROUND TEST SYSTEMS 

Ground test systems typically cannot reproduce every aspect of the physics of a 

reentry system without substantial cost. Conventional supersonic wind tunnels, even with 

stagnation chamber heating, operate at significantly lower stagnation temperatures than can 

be expected in even the most mild reentry conditions, and typically only produce Mach 

numbers up to 5 or 6, more than a factor of 2 lower than the Mach number of the Space 

Shuttle reentering the atmosphere from low Earth orbit, and a factor of 3 lower than that 

expected from translunar and interplanetary reentry.  

Impulse facilities like gun tunnels, shock tunnels, and expansion tubes can produce 

flows in the necessary hypersonic regimes with close to the correct stagnation 

temperatures, but can only do so for milliseconds at a time, not long enough to make 

measurements of the steady-state heat dissipation characteristics of a material.  

Some facilities only simulate the thermal environment a TPS material will 

encounter without any attempt to reproduce the aerodynamic environment. These facilities 

include oxy-acetylene torch and inductively coupled plasma (ICP) torch facilities. Oxy-

acetylene torches are by far the simplest to implement and operate, and allow for rapid 

screening of candidate materials for their thermal response properties including char yield, 
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thermal conductivity, char tensile strength, and surface recession rate. ICP torches range 

widely in maximum power, and larger facilities can be costly to operate and maintain. 

However, they offer the significant advantage over both oxy-acetylene torches and arc-

heated wind tunnels in more accurately recreating the chemical environment more  

accurately. 

Arc-heated wind tunnels provide the most faithful simulation of the high-

temperature, high-speed flows of reentry, supplying a stream of air at a stagnation 

temperature of 6000K and Mach number of 5 to 8 for a run time of several minutes. 

However, these facilities have their downsides as well, such as chemical nonequilibrium 

in the freestream flow and contamination of the stream with metal ions from the exposed 

electrodes. ICP-heated wind tunnels can also recreate the high velocities seen in reentry, 

but typically run at much lower pressures than arc-heated wind tunnels. 

1.1.1 Arcjet Facilities 

Arc-heated plasma wind tunnels, often referred to as “arc jets”, are the most 

common high-enthalpy flow facility in the western literature. Development of these 

devices as tools for atmospheric reentry testing began in the late 1950s. Brogan [7] 

describes an early prototype device at the Avco Research Laboratories in 1958 that was 

capable of 130 kW of input power. By the mid-1960s when Stanford Research Institute 

was looking for labs to participate in the Round Robin test program, 32 US facilities were 

found to meet the testing requirements and were contacted for inclusion in the project [8], 

[9]. 
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The principle of arc jet operation is fairly simple: an electrical arc discharge is 

sustained within a high-pressure plenum chamber, heating the surrounding air, which is 

then accelerated through a supersonic nozzle (typically). Further considerations must be 

made for how to stabilize the arc within the plenum as well as how to minimize 

contamination of the air stream due to erosion of the electrodes. 

Early work in arc jet development achieved operation at stagnation pressures of up 

to 50 atm [7], though typical facilities run at much lower pressures, around 3 to 10 atm [9]. 

It is this ability for high-pressure operation that propelled the popularity of the arc jet over 

the ICP. 

1.1.2 Inductively Coupled Plasma Facilities 

The first mention of ICP torches in the literature goes back to work by Babat [10] 

in 1947 characterizing what he called “electrodeless discharges”. Such discharges are 

formed in the presence of oscillating magnetic (H-discharges or inductive discharges) or 

electric fields (E-discharges or capacitive discharges). The inductive discharges occur 

inside an inductive coil supplied with high-power oscillating current which generates 

electro-magnetic waves through the discharge region with a wavelength of many hundreds 

of times the length scale of the discharge. The discharge itself acts as a short-circuited 

secondary inductor coupling with the primary coil and dissipating the magnetic flux into 

the discharge medium. 

It was Reed who first suggested applying this type of electrical discharge to the 

study of high-enthalpy flows [11], performing characterizations of the gas temperature and 

gas composition capabilities of early plasma torches. To create an ICP torch, a test gas is 
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constantly fed through the discharge zone of an inductive discharge and ejected into some 

test chamber as a superheated gas. In order to maintain a stable discharge at high flow rates 

and thus keep the plasma from being blown out of the chamber, a method of recirculating 

some of the superheated gas back into the incoming cold gas is necessary.  

Reed found several methods of plasma stabilization [11], the best being vortex 

stabilization—injecting the gas tangentially into a cylindrical chamber. This tangential 

injection induces a swirling motion of the gas in the plasma chamber, generating a low 

pressure region along the axis which both generates a recirculation region around the axis 

and tends to keep the plasma ball centered in the chamber and away from the walls, as 

shown in Figure 1-1a. Gutsol described a related method—reverse vortex stabilization [12], 

pictured in Figure 1-1b—which instead injects the gas tangentially counter to the flow of 

the gas being expelled from the nozzle of the chamber. Both of these methods of 

stabilization tend to keep the plasma away from the walls of the chamber, reducing the 

need for cooling and allowing 

higher-power operation of the 

torch. 

Reed also performed 

measurements of his device to 

determine its applicability to 

studying the physics of high-

enthalpy flow [11], [13]. 

Though Reed in 1961 identified 

the ICP torch as a potential tool 

 

Figure 1-1. Flow diagrams of (a) forward vortex and 

(b) reverse vortex stabilization modes 
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for the study of high-enthalpy flow conditions such as reentry [11], very little is seen of the 

device in the reentry flow literature until the mid-1990s. For the most part, this is due to 

the fact that in the US, the high-enthalpy facility of choice became the arc jet because of 

its ability to run at much higher chamber pressures.  

ICP facilities continued to be developed for thermal protection system testing in the 

Soviet Union, with two facilities, IPG-1 and IPG-2, built in the mid-1950s and mid-1970s, 

respectively, at the Institute for Problems in Mechanics of the Russian Academy of 

Sciences. A brief overview of the history of these facilities and the currently operating 

facilities, IPG-3 and IPG-4, is given by Gordeev [14].  

In the west, ICP facilities began to gain popularity in the mid-1990s. In 1996, an 

ICP generator was installed at the Institut Für Raumfahrtsysteme in Stuttgart for studying 

reentry conditions [15], [16]. Around the same time, one was also brought online at the 

Von Karman Institute (VKI) for Fluid Dynamics in Belgium [17]. 

The Stuttgart facility consists of four plasma wind tunnels, one of which, PWK3, 

is powered by an inductively coupled plasma generator. The power supply for PWK3 runs 

at a plate power of 400 kW at an oscillation frequency of 650 kHz. The tunnel itself runs 

at subsonic velocities with a flow rate of 1 g/s and is capable of stagnation pressures of 

between 50 and 500 Pa and a stagnation heat flux of up to 80 W/cm2. The VKI induction 

plasmatron, by comparison, runs at a maximum of 1.2 MW of plate power at 400 kHz, and 

is capable of mass flow rates of up to 20 g/s at stagnation pressures of about 300 Pa, 

generating stagnation heat flux rates of up to 2,800 W/cm2 [18]. 
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More recently, two smaller facilities that run at power levels of 30 kW and 50 kW 

have been developed at the University of Vermont [19] and Ecole Centrale Paris [20], 

respectively. 

1.1.3 Ground Test to Flight 

Regardless of the facility being used, it is still necessary to make the ground test 

data relevant to the expected flight conditions. No ground test facility currently in operation 

can perfectly reproduce all of the conditions of hypersonic flight at once, let alone 

accurately reproduce a full ballistic trajectory from beginning to end. So the question is: 

how do we most accurately extrapolate the results that are possible to acquire in ground 

test facilities to the realities of full-scale flight and integrate them into our overall 

understanding of the process of ballistic reentry? 

1.1.3.1 Fay-Riddell Analysis 

To answer this question, it is useful to consider that the most important factor in the 

design of a thermal protection system is heat transfer. When the air is ram compressed to 

extreme temperatures, it is critical to know exactly how much of the energy in the air is 

making it into the spacecraft through radiative, conductive, convective, and chemical 

means. Classically, the heat flux is given by Equation (1.1) and is related to the gradient in 

enthalpy. 

 𝑞 =
𝑘

𝑐𝑃
∇ℎ (1.1) 
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In certain high enthalpy flows, however, a significant amount of heat flux to a 

surface will be due to diffusion and subsequent chemical reaction of the chemical species 

in the flow to the material surface, and this must be taken into account by adding a 

molecular diffusion term to the heat flux equation.  

By analyzing the boundary layer equations, Fay and Riddell [21] were able to show 

that the heat flux equation for a dissociated gas at the stagnation point of a surface could 

be described by the following relation:  

 𝑞 =
𝑁𝑢

√𝑅𝑒
√𝜌𝑤𝜇𝑤 (

𝑑𝑢𝑒

𝑑𝑥
)

𝑠

ℎ𝑠−ℎ𝑤

𝑃𝑟
 , (1.2) 

where q is the heat flux, Nu is the Nusselt number, Re is the Reynolds number based on 

distance downstream, 𝜌𝑤 and 𝜇𝑤 is the density and viscosity of the fluid at the wall, (
𝑑𝑢𝑒

𝑑𝑥
)

𝑠
 

is the velocity gradient along the surface at the boundary layer edge, Pr is the Prandtl 

number of the fluid, and ℎ𝑠 and ℎ𝑤 are the enthalpy at the boundary layer edge and at the 

wall, respectively. 

This equation starts to give a picture of some of the flow properties that are relevant 

to matching the ground test conditions to flight conditions: the enthalpy difference between 

the wall and the boundary layer edge, the density and viscosity of the fluid at the wall, and 

the velocity gradient parallel to the wall. 

 𝑞 =
𝑁𝑢

√𝑅𝑒
√𝜌𝑤𝜇𝑤 (

𝑑𝑢𝑒

𝑑𝑥
)

𝑠

ℎ𝑠 − ℎ𝑤

𝑃𝑟
  (1.3) 

All of the other information about the boundary layer transport properties including 

the diffusion of dissociated molecules to the surface is incorporated into the 𝑁𝑢/√𝑅𝑒 term, 

where Nu is the Nusselt number and Re is the Reynolds number, which therefore deserves 
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some extra attention. Fay and Riddell showed through numerical solution of the boundary 

layer equations that the Nusselt number term can be represented by the following equation 

for equilibrium boundary layers:  

 

𝑁𝑢

√𝑅𝑒
= 0.67 (

𝜌𝑠𝜇𝑠

𝜌𝑤𝜇𝑤
)

0.4

 (1.4) 

 

where 𝜌𝑠 and 𝜇𝑠 are the density and viscosity, respectively, of the fluid at the boundary 

layer edge. 

To account for Lewis numbers different from unity, a correction involving the 

Lewis number, 𝐿, and the dissociation enthalpy ℎ𝐷, can be added, arriving at the equation 

below. 

 

𝑁𝑢

√𝑅𝑒
= 0.67 (

𝜌𝑠𝜇𝑠

𝜌𝑤𝜇𝑤
)

0.4

 (1.5) 

 

𝑁𝑢

√𝑅𝑒
= 0.67 (

𝜌𝑠𝜇𝑠

𝜌𝑤𝜇𝑤
)

0.4

(1 + (𝐿0.52 − 1)
ℎ𝐷

ℎ𝑠
) (1.6) 

These equations give a good overall view of what flow parameters are most 

important in making comparisons between ground tests and flight conditions. However, 

they elide the complexities of the effects of gas chemistry and do not take into account 

mass injection into the boundary layer from an ablating surface, and so cannot be directly 

applied to calculating the ablation rate of a material. 

1.1.3.2 Heat Transfer Matching Without Ablation 

When only considering heat transfer to a non-ablating surface, Fay-Riddell analysis 

can be a powerful tool for matching conditions between ground test and flight and for 



 11 

 

appropriately comparing results from multiple ground test facilities. Hiester and Clarke [8], 

[9] used the Fay-Riddell heat flux relation extensively to develop correlations between a 

scaled cold wall heat flux and the mass loss rate of Teflon and phenolic nylon. However, 

as used in that work, the Fay-Riddell analysis is not directly applicable to subsonic facilities 

because the velocity gradient term cannot be easily replaced by an analytical relation 

involving only pressure and density as is possible for supersonic flow. 

Kolesnikov [22]–[24] describes one method developed for the subsonic ICP 

generators in use at IPM RAS he calls Local Heat Transfer Simulation (LHTS) using a 

form of the Fay and Riddell [21] relation for the stagnation point heat transfer given in the 

following relation.  

 𝑞𝑤 = 0.67 Pr0.4(𝜌𝑠𝜇𝑠)0.4 (𝜌𝑤𝜇𝑤)0.2√(
𝑑𝑢𝑒

𝑑𝑥
)

𝑠

ℎ𝑠 − ℎ𝑤

𝜎
 (1.7) 

Kolesnikov uses this relation and further assumes that the flow at the edge of the 

boundary layer is in local thermodynamic equilibrium, and therefore the stagnation point 

heat transfer, 𝑞𝑤, depends only on the total enthalpy, pressure, and the velocity gradient 

along the model surface. He also assumes that neither the model surface nor the surface of 

the flight vehicle experience ablation. With these assumptions, he derives the relation 

Equation (1.8), between the conditions of the “natural” (flight conditions) flow and the 

simulating flow based on two non-dimensional parameters, 𝜉 and 휁, defined by Equation 

(1.11),: 

 

𝑉2

𝑉1
= 𝜉,

ℎ2

𝐻0
= 1 − 휁2,

𝑝2

𝑝𝑤
= (1 − 휁2)

𝛾∗2
𝛾∗2−1 (1.8) 
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 𝑀2
2 =

2𝛾∗2

𝛾𝑒𝑞2(𝛾∗2 − 1)

휁2

1 − 휁2
 (1.9) 

 𝑎2
2 =

𝛾𝑒𝑞2(𝛾∗2 − 1)

𝛾∗2
ℎ2, 𝛾∗2 =

𝛼2

𝛼2 − 1
, 𝛼2 =

𝜌2ℎ2

𝑝2
 (1.10) 

𝑉2 and 𝑉1 are the flow velocities of the ground test and flight conditions, respectively. 𝐻0 

is the total enthalpy and ℎ2 the static enthalpy of the undisturbed test flow. 𝑝2 and 𝑝𝑤 are 

the freestream and stagnation point pressure in the test flow. 𝛾𝑒𝑞2 is the equilibrium ratio 

of specific heats of the test flow, and 𝑀2 and 𝑎2 are the Mach number and speed of sound 

of the test flow, respectively. The two non-dimensional parameters, 𝜉 and 휁, are defined 

by the relation below, 

 where 𝑅𝑚
∗  and 𝑅𝑏

∗  are the effective radii of the model and the flight body, 

respectively. 

 𝜉 =
𝑅𝑚

∗

𝑅𝑏
∗ , 휁 =

𝑉1
2

2𝐻0
𝜉2 =

𝑎2
2

2𝐻0
𝑀2

2 (1.11) 

Calculation of the effective radii 𝑅𝑚
∗  and 𝑅𝑏

∗  is performed using the ratio of the 

freestream velocity to the stagnation point velocity gradient along the body surface.  

Sometimes it is also necessary to compare heat flux measurements and material 

sample tests between multiple facilities. This was the subject of the Round Robin series of 

tests in 1965 [8], [9] and for most of the facilities, the appropriate scaling factor was found 

to be the radius of the heat flux probe multiplied by the square root of the stagnation 

pressure. However, this scaling factor is derived from modified Newtonian flow, which is 

not valid for subsonic flows.  
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Fletcher and Playez [25], used Equation (1.7) to argue that a more appropriate 

scaling factor for comparing subsonic facilities to supersonic facilities would be the value 

of (
𝑑𝑢𝑒

𝑑𝑥
)

𝑠
. For certain sample geometries, there are analytical relations for determining the 

velocity gradient from the size of the sample and the freestream velocity. 

White, for example, gives the following relation for finding the velocity gradient at 

the stagnation point of a spherical-nosed cylinder in subsonic flow [26], where 𝐷 is the 

diameter of the cylinder and 𝑀∞ is the freestream Mach number of the flow. 

 (
𝑑𝑢𝑒

𝑑𝑥
)

𝑠
= 4

𝑢𝑒

𝐷
(1 − 0.416𝑀∞

2 − 0.164𝑀∞
4 ) (1.12) 

Fletcher and Playez use this relation to scale the heat flux values measured in two 

facilities, one supersonic and one subsonic, with the same enthalpy conditions and the same 

size probe, and show that the scaled values agree [25]. 

1.1.3.3 Empirical Correlations 

One way to derive a useful method of matching heat transfer rates and material 

ablation rates to different conditions is to find correlations using empirical test data from 

multiple facilities. The NASA Round Robin program’s Phase I [9] and Phase II [8] test 

campaigns were some of the first large-scale systematic direct comparisons of heat flux 

and material ablation data from multiple high-enthalpy flow facilities.  

Several empirical correlations relating the mass loss rate of both low-temperature 

ablators (Teflon) and high-temperature ablators (phenolic nylon) to the measured cold wall 

heat flux, enthalpy potential, and stagnation pressure were found using this data. The utility 

of these correlations are limited, however, as they are only valid for the materials studied 
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in the test program. Additionally, the correlations found for supersonic facilities were 

found to not be applicable to data from subsonic facilities. 

While not readily generalizable to a broad range of materials, one potential use for 

these material-specific correlations is as a standard measure of enthalpy potential. Gulli, et 

al. [27] were able to use the recession of a Teflon probe to calculate the enthalpy potential 

of the plasma stream with an approximately 20% accuracy.  

1.1.3.4 Incorporating Ablation into the Heat Transfer Model 

Having a way to correlate ablation-free ground test data with flight conditions is an 

important step, but in order to be applicable to many of the TPS materials in development 

and use today, some sort of correction for mass injection into the boundary layer through 

sublimation, pyrolysis, or oxidation is required. This is achieved by calculating a non-

dimensional parameter called the “blockage factor”, Ψ, that is defined as the ratio of the 

heating rate with mass addition, 𝑞𝑎𝑏𝑙, to that without mass addition, 𝑞0,ℎ𝑤, and is generally 

correlated to a nondimensional “blowing factor”, 𝐵′, defined as the ratio of the mass flux 

of ablation products from the surface to the mass flux of freestream fluid. The heating rate 

without mass addition can be inferred from the measured cold-wall heat flux by using the 

correction given by Pope [28], where 𝑞0,𝑐𝑤  is the measured cold wall heat flux to a similarly 

shaped probe, ℎ𝑒 is the enthalpy at the boundary layer edge, and ℎℎ𝑤 and ℎ𝑐𝑤 are the 

enthalpy at a cold wall and the enthalpy at the measured wall temperature, respectively. 

 𝑞0,ℎ𝑤 = 𝑞0,𝑐𝑤

ℎ𝑒 − ℎℎ𝑤

ℎ𝑒 − ℎ𝑐𝑤
  (1.13) 

Appropriate relations for 𝜓, however, vary significantly from material to material. 

Some correlations have been proposed with varying degrees of predictive power. For 



 15 

 

subliming ablation, as is the case with low-temperature ablators like Teflon, Adams [29] 

proposes a linear correlation:  

 ψ ≈ 1 −
𝛽 �̇�𝑣(Δℎ)0

𝑞0,ℎ𝑤
 (1.14) 

 

 where 𝛽 is the transpiration factor given by the following relation for the laminar case, 𝑀𝑣 

is the molecular weight of the vapor, �̇�𝑣 is the mass injection rate of vapor, and Δℎ is the 

difference in enthalpy across the boundary layer. 

 𝛽 = 𝑁 (
29

𝑀𝑣
)

𝛼

, 0.67 ≤ 𝑁 ≤ 0.72, 0.25 ≤ 𝛼 ≤ 0.4 (1.15) 

Marvin and Pope [30] also proposed the quadratic correlation for ψ given below.in 

Equation (1.16). However, Gulli, et al. [27] found poor predictive power of these 

correlations when compared to data from the NASA Round Robin tests of Teflon ablation, 

and proposed two new correlations for the blockage factor based on dimensional analysis. 

 ψ = 1 − 𝛽
�̇�𝑣(Δℎ)0

𝑞0,ℎ𝑤
+ 𝛽2  (

�̇�𝑣(Δℎ)0

𝑞0,ℎ𝑤
)

2

 (1.16) 

For ablation of phenolic nylon, Vojvodich and Pope [31] used the following 

exponential relation in Equation (1.17). 

 𝜓 = 𝐶𝑒𝐷𝐵′
+ 1 − 𝐶 (1.17) 

These relations are an extremely useful tool for generating empirical models from 

a battery of test data on a specific material. However, the empirical model generated for 

one material might not be applicable to another and so these models cannot necessarily be 

used to aid in development of new TPS materials. 
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1.2 MEASUREMENTS IN HIGH-ENTHALPY ENVIRONMENTS 

Major impediments to ground testing of reentry systems go beyond the simple 

difficulty in recreating the conditions of flight within the test facility; the ability to take 

measurements of the test is also greatly hindered by the high temperatures inherent in such 

testing. Because of this, the set of measurement techniques available to researchers has 

always been fairly limited, and the ability to make simultaneous measurements even more 

so. A good overview of the measurement techniques used in high-enthalpy flow facilities, 

specifically arc jets, is given by Scott [32]. A discussion of measurement techniques 

relevant to the current work is given below. 

1.2.1 Physical Probes and Facility Monitoring 

Despite the extreme environment of a high-enthalpy flow facility, many 

measurements can still be made with physical probes, or even by monitoring the inputs and 

outputs from the facility. Stagnation pressure and fluid enthalpy are the most common 

measurements, but direct temperature measurements are also important in material testing 

to gauge the insulative properties of prospective TPS materials. 

Arguably the most important quantity to measure in a high-enthalpy flow 

environment, the total enthalpy of the flow, is also the most difficult to measure directly. 

The most common way to measure this quantity is by the “heat balance” method: calculate 

the amount of power input into the arc jet or ICP facility and subtract the amount of heat 

lost to the water-cooling system. This method has the advantage that it doesn’t require extra 

instrumentation to be inserted into the test section of the facility and so it can be measured 

simultaneously during any test.  
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Another common method is to measure the cold wall heat flux to a metal probe in 

addition to the stagnation pressure and use the Fay-Riddell relation for heat flux in a 

hypersonic flow [33] to calculate the enthalpy. This method has the disadvantage that it is 

not possible to make a simultaneous measurement during the test of a material sample. 

However, the ability to probe certain points in the flow enables the measurement of an 

enthalpy profile across the extent of the flow. 

The cold wall heat flux can be measured by several means. One common method, 

a thermal capacitance calorimeter or “slug” calorimeter, measures the rate of temperature 

increase of a small copper slug over the course of several seconds, and uses this heating 

rate and the heat capacity of the copper slug to calculate the heat flux. The device itself 

typically looks like the diagram in Figure 1-2, with a central copper slug surrounded by an 

insulating layer and an outer shroud with one side exposed to the stagnating flow and the 

other instrumented with a thermocouple. The insulating layer allows the heat transfer to 

the slug to be treated as one-dimensional, and the equation relating the temperature in the 

slug to the heat transfer rate can be reduced to Equation (1.18), where 𝑚𝑠 is the mass of 

the slug, 𝑐𝑝 is the thermal capacity of the copper, 𝐴 is the wetted area of the slug, and  �̇� is 

the time rate of temperature increase as measured by the thermocouple. 

 �̇�𝐶𝑊 =
𝑚𝑠𝑐𝑝�̇�

𝐴
 (1.18) 
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Figure 1-2. Diagram of thermal capacitance calorimeter. 

Another common probe for measuring the cold wall heat flux is the thermogauge, 

also called the Gardon gauge after its inventor Robert Gardon. This probe is typically 

water-cooled and comprises a constantan disk connected at the outer edges to a copper 

shroud and at the center to a copper wire. The two connections form the hot and cold 

junctions of a differential thermocouple that outputs a voltage that is directly proportional 

to the applied heat flux. 

Hiester and Clarke [9] used data from the Round Robin test campaign to correlate 

enthalpy measurements made by the heat balance method and the cold wall heat flux 

method, and found a very high standard deviation of 46%. Most of this mismatch between 

the two measurement techniques is due to “coring” however, where the peak enthalpy at 

the center of the plasma jet (where the heat flux probe is measuring) is much higher than 
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the average enthalpy of the whole stream, typically due to heat transfer to the walls of the 

nozzle and nonhomogeneous heating in the arc chamber. They found that elimination of 

the data in which the coring effect was most pronounced reduced the standard deviation to 

18%.  

This high degree of variability indicates that while these measurement techniques 

are simple to implement, and therefore useful for quickly checking facility parameters 

during a test, there is a need for a technique that can determine the enthalpy of the test fluid 

more accurately, and with higher spatial resolution. Such a task is made even more difficult 

in many supersonic high-enthalpy facilities because the freestream flow is in chemical and 

often thermal non-equilibrium. As a result, multiple separate measurements are required to 

determine the total energy content in each of the possible modalities: translational, 

rotational, and electronic temperature, chemical state, and fluid velocity. 

1.2.2 Optical Diagnostics 

Often, a physical probe proves to be too disruptive to the flow or the flow proves 

to be too destructive for the probe, and less intrusive measurement techniques are needed. 

Many optical diagnostics have been developed for measuring plasma flow in recent years 

including optical emission spectroscopy, absorption spectroscopy, laser-induced 

fluorescence, and both spontaneous Raman scattering and coherent anti-Stokes Raman 

scattering (CARS). 

1.2.2.1 Optical Emission Spectroscopy 

Because a plasma is self-luminous, it lends itself very readily to inspection via 

emission spectroscopy, and this property has been extensively utilized since the beginning 
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of plasma research as well as high-enthalpy flow research. Indeed, Reed used this technique 

to measure the temperature in his inductively coupled plasma torch when he was first 

characterizing the device for high-enthalpy flow research [11].  

The electronic temperature of the plasma may be measured using the absolute 

irradiance of a given spectral line, the spectral radiance of the continuum, or the ratio of 

the radiance of two atomic spectral lines [34]. These techniques have been used extensively 

in the literature [11], [35]–[38]. Additionally, researchers have measured the rotational 

temperature of a nitrogen plasma using the N₂ first and second positive system [39] as well 

as NO and OH rotational emission bands [37]. 

Emission spectroscopy can also readily be used to identify species in the boundary 

layer of an ablating sample, as has been done by several researchers studying ceramic [40]–

[42], graphite [43], and PICA [44] samples. 

The major drawback of emission spectroscopy measurements is the fact that they 

are integrated over the entire line of sight of the collection system and therefore cannot be 

easily used to make point measurements. Some techniques, such as Abel inversion, can 

yield spatially-resolved measurements, but these require certain assumptions about the 

symmetry of the flow being measured. 

1.2.2.2 Laser-Induced Fluorescence 

A technique that is more suited to point measurements of flow properties is laser-

induced fluorescence (LIF), in which a laser is tuned to the excitation frequency of a 

particular molecule in the flow and the fluorescence radiance is measured using a 

spectrometer or CCD camera. From these measurements, the mixture fraction of the 
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excited molecule can be determined from the absolute intensity of the fluorescence. Gas 

temperature can also be inferred from the Doppler broadening of the fluorescence emission 

line, and flow velocity can be inferred from the Doppler shift in the peak emission. 

Suess, et al. [45] were able to achieve a direct measurement of the total enthalpy at 

the centerline of the NASA Johnson Space Center arc jet facility using LIF of oxygen and 

nitrogen molecules. From the LIF measurements, they were able to infer flow velocity from 

the Doppler shift of the fluorescence peak, translational temperature from the Doppler 

broadening of the fluorescence, and degree of dissociation of both oxygen and nitrogen 

molecules. By summing the energy in each of these modes, a direct measurement of the 

total enthalpy at the centerline of the flow was calculated.  

While Suess, et al. were the first to put all of these measurements together to get a 

total flow enthalpy, many researchers have realized the utility of using LIF to measure 

properties of hypersonic plasma. Arepalli, et al. [46] used LIF to measure the flow velocity 

of the NASA Johnson Space Center arc jet facility based on the Doppler shift in the 

fluorescence of trace copper atoms in the flow. In 1995, Bamford, et al. [47] used LIF 

measurements to characterize oxygen dissociation in the NASA Ames arc jet facility. 

Similar nitrogen measurements were made at the same facility in 1999 by Fletcher [48] 

and in 2002 by Grinstead, et al. [49]. This technique has even been used to characterize the 

boundary layer of ablating material samples by measuring the amount of free nitrogen [50], 

[51] and free oxygen and CO [52] near the surface of the sample. 

Of course, the major drawback of LIF measurements is that they can only make 

measurements of the concentration of one chemical species at a time. Multiple lasers can 
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be used for simultaneous measurement of multiple species, but this quickly becomes 

cumbersome. 

1.2.2.3 Raman Spectroscopy 

Raman spectroscopy is a laser-based measurement technique that images the 

inelastic scattering of laser light from molecules in a substance to determine properties like 

temperature and chemical composition. This scattering process can be thought of as the 

frequency of the laser light being modulated by the internal states of the scattering 

molecules [53]. When the light is inelastically scattered, a molecule may gain some of the 

photon’s energy (Stokes scattering), changing to a more energetic internal state and 

resulting in a photon of a lower energy and longer wavelength, or lose some energy to the 

photon (anti-Stokes scattering) resulting in a photon of higher energy and shorter 

wavelength. 

The discrete quantum-mechanical nature of the internal states of the molecules 

results in discrete changes in the wavelength of the scattered photons that are unique to a 

given molecular species. One might expect the probability of Stokes and anti-Stokes 

scattering to be the same and therefore the intensity of the resulting spectral lines to be the 

same. However, quantum mechanical effects give rise to a certain bias in favor of observing 

a Stokes scattering event. In addition, a molecule that is already in the lowest possible 

energy state cannot give up more energy to a scattered photon, eliminating the possibility 

of an anti-Stokes scattering event for that molecule. The number fraction of molecules in 

the lowest energy state then further biases the scattering event probability in favor of Stokes 
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scattering. Because of this bias, temperature can be inferred from the Raman scattering 

signal. 

One of the downsides of Raman spectroscopy is its low scattering cross-section, on 

the order of 10−30 𝑐𝑚2/𝑠𝑟. This is 1000 times smaller than the cross-section for elastic 

Rayleigh scattering. This fact might, by itself, make this technique undesirable for use in 

lower-density flows. However, as Lederman points out in his review of Raman scattering 

techniques, the fact that Raman scattering allows for simultaneous, instantaneous (in some 

circumstances), pointwise measurement of local species concentration, local temperature, 

and local density with a single laser makes it a powerful tool despite the difficulty in its 

implementation [53]. 

The use of Raman spectroscopy to measure reacting flows has been gaining traction 

since the 1970s. Stricker used Raman spectroscopy to measure local temperature in a flame 

in 1976 [54], and Lederman, et al., used Raman spectroscopy in conjunction with laser 

Doppler velocimetry to determine correlations between species, temperature, and velocity 

fluctuations in a flame [55]. A couple years later, Drake, et al., performed similar 

measurements in a turbulent jet flame [56]. Dibble, et al., used simultaneous measurements 

of Raman and laser Doppler velocimetry to measure the conserved scalar fluxes in a 

turbulent non-premixed flame [57]. Both Dibble and Barlow applied combined Raman, 

Rayleigh scattering, and laser-induced fluorescence to measurements in turbulent flames 

[58], [59]. Spatially resolved species concentration measurements in a rocket combustion 

chamber were made by Foust, et al., in 1993 [60]. Utsav, et al., successfully increased the 

Raman signal by passing a laser beam through the same measurement point multiple times 

using a multi-pass cell consisting of two spherical mirrors two focal lengths apart [61]. 
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In addition to reacting flows, Raman spectroscopy has been used successfully to 

measure the degree of nonequilibrium in expanding flows [62] and shear flows [63]. In 

1973, Boiarski and Daum demonstrated the feasibility of Raman measurements of an arc-

heated wind tunnel flow to determine vibrational temperature [64]. Applications of Raman 

spectroscopy in high-temperature flows are sparse in the literature until 2006, when 

Belostotskiy, et al. applied Raman spectroscopy to measure the rotational temperature of a 

nonequilibrium atmospheric pressure microdischarge in nitrogen [65]. The same group 

followed up on their work in 2010, combining Raman spectroscopy with laser Thomson 

scattering to measure electron temperature and rotational gas temperature in a nitrogen 

discharge [66]. In a 2012 paper, van Gessel, et al. developed an improved fitting technique 

to distinguish rotational Raman lines from the superimposed Thomson scattering from free 

electrons in order to make simultaneous measurements of electron density, electron 

temperature, gas temperature, and N₂/O₂ partial pressure in an atmospheric pressure air 

plasma [67]. 

More recently, Raman spectroscopy has been applied to plasma flows to measure 

the plasma temperature as well as the degree of thermal nonequilibrium in a rapidly cooled 

inductively coupled plasma jet [68]. 

The utility of Raman spectroscopy in measuring the temperature and species in a 

reacting flow has been well-demonstrated in the literature, with good success in even 

relatively low-density flows like atmospheric pressure flames.  
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1.3 THERMAL PROTECTION SYSTEM DESIGN 

In order to protect the spacecraft structure, cargo, and passengers from this heat 

load, a carefully designed thermal protection system (TPS) is needed. This TPS can be 

sacrificial, as in the case of the ablative heat shields used in the Apollo missions [6] as well 

as robotic missions like Stardust [69] and the Mars landers [70], [71], in which some of the 

heat is dissipated through pyrolyzing and eroding the TPS material. Or the TPS can be 

reusable, as in the case of the Space Shuttle Orbiter tiles, which are highly insulative and 

rely on radiative heat transfer to keep the equilibrium surface temperature below the 

pyrolysis temperature [72]. Ablative materials tend to be able to protect against higher heat 

loads than reusable materials due to the necessity of keeping the reusable materials from 

pyrolyzing [5]. 

1.3.1 Reusable Systems 

A reusable TPS relies on high surface emissivity, low surface catalysis, and very 

low thermal conductivity. The most famous examples of such a material are the ceramic 

tiles used on the Space Shuttle forebody. The biggest advantage of such TPS materials is 

in the name: they can be reused for multiple flights, theoretically indefinitely, with no 

refurbishment necessary. The biggest disadvantage is that they are limited in the amount 

of incident heat flux they can dissipate impulsively, as well as in the total heat load they 

can absorb before the back side temperature exceeds permitted levels. 

In order to remain reusable, such materials must maintain a surface temperature 

below that required to oxidize or sublimate the material. As shown in Figure 1-3, the energy 

balance is given by Equation (1.19). As the surface temperature of the material increases, 
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the radiative heat transfer rate, 𝑄𝑟𝑎𝑑, and the conduction heat transfer rate into the material, 

𝑄𝑐𝑜𝑛𝑑 , will increase and the convective heat transfer rate, 𝑄𝑐𝑜𝑛𝑣, will decrease until a 

steady-state temperature is reached. The heat transfer rate through surface chemical 

reactions, 𝑄𝑐ℎ𝑒𝑚, depends on the catalycity of the surface, as well as the temperature. An 

effective TPS material will maximize 𝑄𝑟𝑎𝑑 as much as possible by using a high-emissivity 

coating and minimize 𝑄𝑐ℎ𝑒𝑚 by using a low-catalycity material on the surface such as 

silica. 

 𝑄𝑐𝑜𝑛𝑣 + 𝑄𝑐ℎ𝑒𝑚 − 𝑄𝑟𝑎𝑑 = 𝑄𝑐𝑜𝑛𝑑 (1.19) 

Surface coating materials like silica also have the advantage of a high vaporization 

temperature, raising the maximum sustainable surface temperature of the material, and 

thereby increasing the maximum heat flux the material can withstand. 

 

Figure 1-3. Energy balance for reusable TPS material 

1.3.2 Ablative Systems 

Ablative materials protect the spacecraft by dissipating some fraction of the heat 

load through erosion of the material itself. This erosion can take several forms: direct 
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sublimation of the material, transformation of the material surface into gaseous byproducts 

of oxidation and nitridation, and thermal degradation of the material. Often a material will 

undergo several of these processes to varying degrees depending on the surface 

temperature and stagnation pressure of the flow environment.  

1.3.2.1 Sublimation and Depolymerization 

Direct conversion of the material from the solid phase to the gaseous phase is 

usually one of the least important processes in material ablation. Typically a major portion 

of gasified surface material in low-temperature ablators like Teflon is a gaseous monomer 

form of the polymer material, but this is technically not sublimation and is rather a 

depolymerization process. This depolymerization process differs from the charring process 

in other materials in that it occurs at the surface of the material and does not penetrate into 

the bulk of the material. 

At high surface temperatures, high-temperature ablators like graphite (> 3000 K) 

will also undergo sublimation [73].  

1.3.2.2 Surface oxidation 

Often, the primary process driving the removal of surface material from a material 

in hypersonic flight is oxidation or nitridation by the superheated air. For graphite, for 

example, at temperatures below approximately 3000 K, the mass removal from the surface 

is almost all due to surface chemistry [74]. This surface chemistry process typically acts in 

two separate regimes: rate-controlled, and diffusion-controlled.  

Rate-controlled oxidation and nitridation occurs at the lower end of the temperature 

regime for oxidation, and the rate of mass removal is driven by the chemical reaction rate 
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possible at the surface temperature of the material. In this regime, the mass loss due to 

surface chemistry displays a large dependence on the surface temperature of the material. 

In the diffusion-controlled regime, the mass removal rate is limited by the amount 

of freestream gas that can diffuse to the surface to participate in surface reactions. In this 

regime, for graphite typically at surface temperatures between 1700 K and 3000 K, the 

mass loss rate is relatively insensitive to temperature [74]. 

1.3.2.3 Charring Ablators 

A specific subtype of ablative heat shield materials, charring ablators, also utilize a 

process called pyrolysis in addition to mechanical and chemical erosion of the outer surface 

to absorb thermal energy from the flow. 

Pyrolysis, also sometimes referred to 

as volume decomposition, is a process by 

which a material is thermochemically broken 

down in the absence of oxygen. A diagram of 

the process is shown in Figure 1-4. When the 

subsurface material of a charring ablative 

heat shield reaches an elevated temperature 

through heat conduction from the surface, it breaks down, forming a layer of charred 

material and releasing gaseous byproducts. These gaseous byproducts are then expelled 

through the porous char layers into the flow, where they further affect the heat flux to the 

material surface through transpiration cooling, boundary layer blowing, and chemical 

reactions. 

 

Figure 1-4. Diagram of pyrolyisis 

process 
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The benefit of the pyrolysis process in the function of a TPS material has been 

recognized from the early days of the space program. In 1960, Roberts reviewed multiple 

classes of TPS materials—low temperature ablators, foamed radiating ablators, and 

composite charring ablators—and found that for high heat flux reentry trajectories, using a 

charring ablator produces the lightest system for the amount of heat rejected [1]. Many of 

the advantages of a charring ablator are obvious from a qualitative perspective, and with 

certain assumptions of homogeneity of the char products and thermal and chemical 

equilibrium in the boundary layer, relatively simple governing equations can be derived 

and indeed have been used extensively in TPS sizing [75]. However, as noted even in the 

Apollo program experience report, “these simple analyses don’t form a sound basis for 

assessing a thermal protection subsystem weight,” [2] requiring extensive (and expensive) 

ground and flight testing at flight-relevant conditions. 

Relatively little work exists in the open literature on how the pyrolysis process 

interacts with the flow to change the heating properties of a TPS material. A lot of work 

went into developing analytical models for charring ablators in the 60’s and 70’s for the 

Apollo missions [75]–[77]. These models made many simplifying assumptions and relied 

on correlations developed through experimental testing. Computational models have been 

steadily improved as our understanding of chemical processes improved. Models that 

include chemical reaction rates of key reaction steps have been developed that improve the 

predictive capabilities of ablation codes [78]. 

In the past decade, more research has been done attempting to fill this lack of 

understanding of the pyrolysis process. Scoggins and Hassan [79] showed that the 

assumption of thermal equilibrium between the char layer and the pyrolysis gases is likely 
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invalid. Martin and Boyd investigated alternative methods for determining pyrolysis gas 

velocity through the outer char layer [80]. Several experimental investigations into the 

pyrolysis products of Phenolic Impregnated Carbon Ablator (PICA) have also been done. 

Tillson, et al. performed spectroscopic measurements of pyrolysis products of PICA in a 

high-enthalpy flow [44], [81]. Helber, et al. employed emission spectroscopy and total 

mass loss to obtain a temporally resolved pyrolysis gas blowing rate vs. insertion time as 

well as certain emissive species in the reacting boundary layer for a phenolic-carbon 

sample, and found the blowing rate to peak at 65 g/(m2 s) shortly after insertion and quickly 

trail off to a steady value of 2 g/(m2 s) [82]. They compared this experimental result to 

numerical calculations based on a thermochemical equilibrium assumption and found the 

numerical approach to significantly under-predict the experimental recession rates. 

Furthermore, they showed that changing the char yield (and consequently the pyrolysis gas 

composition) in the simulations had a significant effect on the surface ablation rate. 

In recent years, a few studies have been performed that directly investigate the 

interaction of pyrolysis gases with the flow. Studies looking at the effect of transpiration 

cooling of a copper heat flux probe have been performed by Yakushin, et al. [83], and 

Vancrayenest, et al. [84], and found that non-reactive gases like argon were less effective 

in reducing the measured heat flux to the copper probe. A proof-of-concept study was 

performed by Uhl, et al. [85], using CO2 pumped through a porous graphite core in a water-

cooled copper probe. Measurements were taken of the emission spectrum from the 

interaction of the simulant pyrolysis gas with the freestream flow. No follow-up studies 

have yet been published, but the use of a porous graphite sample shows some promise as a 

diagnostic tool for studying pyrolysis. 
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1.4 CONTEXT OF CURRENT WORK 

In this environment of renewed interest in developing lightweight and effective 

thermal protection system materials and design methodologies, it is advantageous to have 

relatively inexpensive material screening test facilities as well as high-fidelity 

computational models of the fluid-surface interaction in a reentry flow. Better models allow 

for more and faster design iteration without the cost and time overhead of extra testing, 

allowing TPS designs to be leaner and more effective, ultimately saving spacecraft mass 

and leaving more mass overhead for payload or other subsystems. 

Laub and Venkatapathy, in their review of thermal protection systems for 

interplanetary missions [5], point out that one of the most important ways that 

computational models of ablating heat shields could be improved for future missions is 

through improved modeling of the coupling between the ablation and pyrolysis products 

and the external flow conditions. One example they give is the Galileo probe, previously 

discussed, which performed an aerobraking maneuver in the Jovian atmosphere. The 

instrumentation on the TPS indicated that at the shoulder of the leading edge of the heat 

shield, the models severely underpredicted the amount of recession of the TPS material 

due to poor understanding of how the material couples with the flow. 

To make the measurements necessary to fill the gap in our understanding of 

pyrolysis, a ground test facility capable of delivering flight-relevant heat fluxes to the 

surface of a test sample of TPS material is needed. With its relatively low installation and 

operating cost, an inductively coupled plasma torch is an ideal facility for rapid screening 

of potential TPS materials. In a small facility, heat rates of 100 W/cm2 are feasible [86] 

and larger facilities [87] are capable of heat rates of 200 W/cm2 and even up to 3000 W/cm2 
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in the 1.2 MW von Karman Institute plasmatron [88]. Additionally, unlike other simple 

screening facilities like oxy-acetylene torches, the expected atmospheric composition can 

also be matched. The development of the 50 kW ICP torch described in the current work 

represents a new addition to the small but growing number of facilities available to fill this 

research niche.  

The role of pyrolysis in the TPS fluid-surface interaction is an important gap in our 

understanding of the physics of thermal protection materials. Some work simulating the 

interaction of pyrolysis gases with the flow over a charring ablator in a way that allows 

independent variables like gas flow rate and composition to be varied independently [83]–

[85]. Much of this work has focused on transpiration cooling of non-ablating surfaces like 

copper and molybdenum. A comprehensive study of the effect of flow rate and pyrolysis 

gas composition on an ablating surface has not been attempted. 

Additionally, the application of new measurement techniques to the problem could 

allow properties of the flow to be measured that would enable more robust comparison to 

computational studies. Raman spectroscopy has been successfully applied to high-

temperature flows like flames [61], and has even been applied to measurement of degree 

of nonequilibrium in a supersonic mixing layer [63], and the rotational temperature of 

molecular nitrogen in a discharge [65]–[67]. The application of this technique to plasma 

flows will allow for point measurements of fluid vibrational and rotational temperature. 

Such measurements are difficult, if not impossible to acquire using more traditional 

spectroscopic techniques like emission spectroscopy, which inherently sums the signal 

over the entire collection beam, or laser-induced fluorescence, which is limited to the 

measurement of one chemical species at a time. 
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The following chapters will describe my work in the development and 

characterization of a new ICP facility for research of thermal protection materials. I will 

also describe the results of a test campaign studying the effect of pyrolysis gas expulsion 

through the char layer of an ablating sample on the heat flux and recession rate of the 

sample. And finally, I will present results of laser Raman spectroscopy measurements in 

freestream plasma flow. 
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Chapter 2: Plasma Facility Design and Characterization* 

A new ICP facility was designed and built at the University of Texas at Austin in 

order to test high-enthalpy thermal protection materials for future spacecraft. The following 

chapter describes the design and characterization of the facility. 

2.1   UT ICP FACILITY 

The UT ICP facility is a fully integrated ICP torch and sample/probe insertion 

mechanism with an integrated data collection system. Figure 2-1 shows the full plasma 

torch facility including the facility control station, the DC power supply and radio 

frequency oscillator, the torch head housing the plasma chamber and exit nozzle, the water-

cooled probe/sample insertion mechanism, and the overhead fume extraction system. 

                                                
* This chapter based in part on the conference paper cited below. All co-authors contributed equally. 

 

 Greene, B. R., Clemens, N. T., Varghese, P. L., Bouslog, S., & Del Papa, S. V. (2017). 

Characterization of a 50kW Inductively Coupled Plasma Torch for Testing of Ablative Thermal Protection 

Materials. In 55th AIAA Aerospace Sciences Meeting (p. 0394).  
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Figure 2-1. Photograph of ICP Torch Facility. 

2.1.1 Plasma Torch 

The base ICP system was purchased from Applied Plasma Technologies. The torch 

uses a 6 MHz, 9-12 kV AC signal to deposit up to 25 kW of power into an air or argon 

plasma. The nozzle of the torch is 30 mm in diameter, and the plasma chamber is 56 mm 

in diameter and 290 mm in length. The chamber consists of a water-cooled copper jacket 

enclosed in a quartz tube with stainless steel endcaps. The inductor coil around the tube is 

also water-cooled to prevent arcing between its turns. Figure 2-2 shows a cross-section 

diagram of the ICP torch plasma chamber. The main features of the plasma chamber are a 

water-cooled copper inner liner with slots to allow the magnetic field from the induction 

coils to penetrate to the interior of the chamber, a quartz outer tube to contain the gases, 

and water-cooled stainless steel end caps that provide gas injection and the exit nozzle for 

the high temperature gases. 
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Figure 2-2. Cross-section diagram of ICP torch plasma chamber (left) and the torch 

assembly (upper right).  

Plasma is stabilized inside the chamber using one of two stabilization modes: direct 

(or forward) vortex or reverse vortex gas injection. Forward vortex stabilization, pictured 

in Figure 2-3 (a), is a common mode of plasma stabilization in ICP devices with net gas 

flow through the plasma chamber. First described by Reed [11], it works by injecting a 

swirling gas on the upstream end of the plasma chamber. The resulting flow rotation drives 

a recirculation zone in the axis of the chamber, which aids plasma propagation. 
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Additionally, the centripetal acceleration of the rotating fluid combined with the buoyancy 

of the hot plasma causes the plasma to float toward the axis of the chamber, helping to 

insulate the chamber walls and reduce parasitic heat losses to the wall cooling system. 

Reverse vortex stabilization, pictured in Figure 2-3 (b), first simulated as an ICP 

stabilization method by Gutsol [12], injects the swirling gas into the nozzle end of the 

plasma chamber. A step change in diameter between the inner diameter of the chamber and 

the nozzle aperture prevents the immediate exit of the injected gas from the torch. Instead, 

the injected gas flows around the outer radius of the chamber to the far end and rebounds 

up through the central axis of the chamber and out of the exit nozzle. In this way, the flow 

next to the chamber walls consists of cold gas unprocessed by the magnetic field, further 

insulating the walls from the hot core flow. Additionally, the extra layer of swirling flow 

restricts the size of the core flow further, causing all gas to flow through the high-

temperature zone without inducing regions of recirculation. This method of plasma 

stabilization has been shown to be more efficient than forward vortex stabilization [12]. 
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Figure 2-3. Diagram of the fluid flow path and direction of swirl for (a) direct vortex 

stabilization and (b) reverse vortex stabilization. 

2.1.2 Insertion Mechanism 

Physical probes and test articles are held in the plasma plume using a custom-built 

water-cooled insertion mechanism, pictured in Figure 2-4. The mechanism has two arms 

to allow both a heat flux probe and a material specimen to be mounted at the same time 

and rotated into the plume smoothly and swiftly. In this way, the heat flux can be accurately 

measured immediately before inserting a test article. The arms are driven by a servo motor 

and can be accurately positioned to the center of the plume or scanned across the diameter 

of the plume to get a radial profile of flow properties. The whole insertion mechanism 

structure is rigidly mounted to the torch head, so that scanning the plasma plume through 

a laser diagnostic interrogation volume does not affect the relative positioning of the test 

article or physical probe within the plasma.  
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Figure 2-4. Probe and sample insertion mechanism. 

Probes and samples are attached to the sting arms using a tension cable mounting 

system pictured in Figure 2-5. A 1/16-in braided steel cable is permanently attached to the 

probe or sample mounting plate. To attach the probe or sample, this cable is fed up the 

center of the mounting column and around the roller pin. The other end of the steel cable 

is then attached to a spring-loaded sliding bolt. Tension in the spring can be adjusted by 

tightening a tensioning nut.  
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Figure 2-5. Diagram of tension cable mounting system on insertion mechanism sting arm. 

This mounting system has several advantages, including rapid attachment and 

removal of probes and test articles. A probe or sample can be removed in seconds by 

loosening the tensioning nut and removing the cable attachment pin from the head of the 

slide bolt. The system is also relatively immune to thermal expansion, as the spring 

continues to provide the tension necessary to hold the probe or sample even as it and the 

tension cable vary widely in temperature. 

2.1.3 3-Axis Traverse 

The torch head is mounted to a three-axis traverse, pictured in Figure 2-6 to allow 

optical diagnostic equipment to inspect any arbitrary point in the plasma flow. The traverse 

uses precision ball screw actuators and servo motors to position the torch head to within 

0.1 mm over a 100 mm travel range on any axis, and can be programmed to perform a 
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timed move synchronized with a data collection system to automatically capture data from 

multiple points in the flow during a single run.  

 

Figure 2-6. Photo of 3-axis traverse table. 

The servo controllers are not compatible with the LabVIEW facility control 

program and so must be controlled separately using the Bosch-Rexroth programming 

interface. The program to control the movement of the traverse is written in structured text 

and runs on the servo controller. The Bosch-Rexroth programming interface communicates 

with the servo controllers over TCP/IP and provides the capability for a graphical interface 

to the control program.  
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While the LabVIEW interface cannot send commands to the servo controllers, it 

can read the position and velocity information, which allows the LabVIEW program to 

automatically log the position of the traverse along with all of the other automatically 

logged facility information. 

2.1.4 Facility Control and Instrumentation 

A control and instrumentation system based on LabVIEW was implemented in 

order to provide simple user control of most aspects of the facility including data logging, 

flow control of test gases, and probe/sample insertion. Some functions, including control 

of the plasma torch front panel and control of the 3-axis traverse, are not compatible with 

the National Instruments systems and must be controlled through independent interfaces. 

2.1.4.1 Test Gas Control 

The gas flow system allows for independent control of flow from up to three gas 

cylinders. One cylinder must be argon, which is used as the starting gas for the torch, and 

the other two cylinders can be any desired test gas. Valves on the front of the control cabinet 

direct the gas to either the reverse or direct injection ports on the plasma chamber and gas 

flow rate is controlled using one Omega model FMA-2809 50 SLPM mass flow controller 

for the starting gas (argon) and two Alicat mass flow controllers, a MCR-500SLPM-D/5M 

controller for the main gas and a MCR-250SLPM-D/5M for the auxiliary gas.  

The gas flow rate is controlled through the LabVIEW user interface, which also 

provides an automated switchover from the starting gas to the main gas and a function for 

pinning the mass flow of the auxiliary gas and main gas together as a constant ratio of mass 

flow. 



 43 

 

2.1.4.2 Probe Insertion Mechanism Control 

Probe insertion is also controlled through the LabVIEW user interface via an 

Ethernet connection to the servo motor controller. The user interface provides arbitrary 

move functions as well as predetermined moves for inserting one of the two sting arms into 

the flow and automated incremental scanning through an arbitrary position range.  

2.1.4.3 Data Logging 

The torch facility provides multiple inputs for instrumentation, all of which are 

logged by the software automatically to ASCII-based data files at sample rates up to 30 

Hz.  

Eight analog input channels are provided using an NI PCIe-6321 data acquisition 

card connected to a rack-mountable BNC-2090A input box. Six of these channels are 

devoted to independent monitoring of plasma torch settings: anode voltage, anode current, 

grid current, coolant flow rate, coolant input temperature, and coolant output temperature. 

The other two are available to connect any -10V to 10V signal instrument. 

A further 32 analog input channels are provided using a NI PXIe-1071 chassis with 

a PXIe-4302 input board and a TB-4302 terminal block. This board has 32 10V, 24-bit, 

5kS/s channels and the terminal block add-on provides built-in thermocouple cold junction 

compensation. This card can accept any 0-10V input signal, but is primarily used for 

connecting mV-level input devices like thermocouples and Gardon heat flux gauges. 

2.2 FACILITY CHARACTERIZATION 

Before experiments could be run in the torch, the flow characteristics of the facility 

had to be determined. The torch itself has two user inputs: the anode voltage (a proxy for 
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the total electrical power), and the test gas flow rate. A proprietary internal control system 

manages the inductance and capacitance of the high voltage oscillator circuit in order to 

maximize the plasma coupling for a given set of these two user inputs. The oscillator circuit 

and plasma chamber geometry are optimized to use atmospheric air as the test gas, though 

other gases can be used at reduced operational ranges. Air is the only test gas considered 

in the current work. 

The salient properties of the system operation with regard to thermal protection 

material testing are the centerline enthalpy and the stagnation pressure of the flow. These 

two properties drive the amount of heat flux to the surface of an object in the flow, as well 

as the surface chemistry between the flow and the material surface. Centerline enthalpy, 

however, is a difficult parameter to measure accurately. Various methods are used to infer 

the enthalpy, including the sonic throat method and the energy balance method, to varying 

degrees of accuracy. Indeed, a systematic study of over 12 high-enthalpy facilities 

performed in 1965 showed a large amount of scatter in the total enthalpy as measured by 

the sonic throat method compared with the same quantity measured by the energy balance 

method [9]. 

A more accurate method is to use Fay-Riddell theory to correlate the stagnation 

point heat flux to a probe of a defined shape and the stagnation pressure of the flow to the 

enthalpy. Hiester and Clark [9] developed a standard correlation for this purpose using a 

round-robin test program that compared the heat flux measurements of multiple facilities. 

However, for subsonic flows, Fay-Riddell theory as it is normally used is not applicable, 

and so another method of calculating the enthalpy from the measured cold wall heat flux 

is needed.  
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In the characterization of the torch, three methods of calculating the enthalpy of the 

plasma flow have been used and compared: the energy balance method, cold wall heat flux, 

and thermodynamic equilibrium calculations using electronic temperatures inferred from 

emission spectroscopy. 

2.2.1 Facility Characterization Methods and Setup 

2.2.1.1 Torch Facility-Integrated Measurements 

Several measured parameters directly related to operation of the ICP system are 

reported by the internal control system over TCP/IP to the main facility control system 

computer. These parameters include the supply voltage, supply current, gate current of the 

oscillator circuit triode, cooling water inlet and outlet temperatures, and the coolant water 

flow rate. Additionally, the system reports calculated values such as the input electrical 

power and the “plasma power” calculated by subtracting the power lost to the coolant 

system from the input power. 

These values are reported to the control computer via TCP/IP connection. However, there 

was no easy way to calibrate these measurements, and the recording system for these values 

was cumbersome. So for most of these measurements, a secondary measurement device 

was added that was directly connected to the LabVIEW data collection system. These 

secondary devices are given in Table 2-1. The new system is compared here to 

measurements taken by the original system. Measurements made later in this work use the 

new system.  
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Table 2-1. Measurement devices for internal plasma torch parameters 

Measurement Device Part No. Output 

Anode Voltage 5mA DC current transducer in 

series with 2MΩ resistor 

CYCT02-84U0-0.2-

5mA 

0-10V 

Anode Current 5A Hall effect current sensor CR5211-5 0-10V 

Grid Current 10A Hall effect current sensor CR5211-10 0-10V 

Coolant Flow Rate 15GPM flow rate sensor Omega FLR6315D 0-10V 

To calibrate the measurements made by the internal reporting system before the 

new measurement system was installed, concurrent measurements by the two systems were 

compared. The external flow meter came with a calibration certification, and the reading 

was checked by diverting the outflow from the flow meter to a container for 1 minute and 

comparing that volume to the measured flow rate. The measurement of the water flow rate 

through the torch cooling system by the built-in flow meter and the external flow meter is 

given in Figure 2-7. This shows that the built-in flow meter under-reported the coolant flow 

rate by approximately 13%. This correction has been added to all calculations using coolant 

flow measurements made prior to installation of the external flow meter. 

The internal reporting of the anode voltage is somewhat more complicated. Before 

plasma ignition, the internally reported anode voltage and the externally measured anode 

voltage match exactly. However, once plasma ignition is achieved, the reported voltage 

and the externally measured voltage cease to agree, and the difference seems to be 

dependent on the test gas composition and flow rate. A comparison of the ratio of externally 

measured to internally reported anode voltage for an argon plasma and an air plasma is 

shown in Figure 2-8.  
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Figure 2-7. Comparison of built-in torch coolant flow meter to 3rd party coolant flow 

meter. 

The discrepancy is due to the fact that the anode voltage of the triode is not 

necessarily equal to the DC plate voltage input to the oscillator circuit. So even though the 

internal voltage measurement and the external voltage measurement are both actually 

measuring the DC plate voltage, the internally reported voltage is using the grid current 

and anode current and possibly knowledge of the exact state of the variable capacitors and 

inductors in the oscillator circuit to infer the anode voltage from the DC plate voltage. 

Because the internal torch control system is proprietary to the manufacturer, it is not known 

what exactly this calculation is. However, because the measured anode current is in fact 

the DC plate current, for power input calculations, it makes sense to use the DC plate 

voltage as externally measured and not the inferred anode voltage. 
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Figure 2-8. Comparison of internally reported and externally measured anode voltage for 

argon plasma and air plasma. 

The built-in measurements of grid current and anode current agree very well with 

the external measurements, as is shown in Figure 2-9. 
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Figure 2-9. Comparison of external and built-in measurement of anode current and grid 

current. 

2.2.1.2 Heat Flux Measurements 

The cold wall heat flux was measured with two independent methods using probes 

designed to be the same size and shape as any material test specimens to be used later. A 

second, small diameter heat flux gauge was also used to make measurements of the 

variation in heat flux across the diameter of the plasma jet. The first method used a thermal 

capacitance calorimetry method. This calorimeter, pictured in Figure 2-10, consists of a 

slug of copper of known dimensions and heat capacity with a type K thermocouple 

embedded in the back surface. The slug is surrounded by a copper housing, from which it 

is insulated by a thin air gap such that the heat conduction within the slug can be considered 

one-dimensional. The calorimeter is inserted into the plasma plume for 2 to 4 seconds and 

the slope of the resulting temperature curve is measured. The time rate of change of the 
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temperature of the slug, �̇�, can be related to the stagnation point heat flux, 𝑞, per Equation 

(2.1) where 𝑚, 𝑐𝑝, and 𝐴 are the mass, specific heat, and exposed surface area of the slug, 

respectively. 

 𝑞 =
𝑚𝑐𝑝

𝐴
 �̇� (2.1) 

The slug used had a mass of 15.797 g and a specific heat of 404 J/kgK. The exposed 

surface of the slug had a spherical contour to ensure that the heat flux is approximately 

constant over the entire face and has a total surface area of 2 cm2. 

 

 

Because copper is a catalyst for oxygen reactions, it is likely that the measured heat 

flux values will have contributions from the catalyzed reactions on the surface of the slug. 

We do not attempt to characterize this in the present work, but to ensure that all 

measurements are uniformly catalytic, the surface of the slug was polished after every two 

insertions with Wenol metal polish. This prevented buildup of any deposits on the surface 

that might affect the catalycity and therefore render the measurements inconsistent. 

 

Figure 2-10. Slug calorimeter image and assembly diagram. 
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The Gardon gauge, pictured in Figure 2-11, consists of a copper body with a 

constantan foil disc at the stagnation point. The copper body is water-cooled, providing the 

cold junction of the thermocouple between the copper and the constantan. The gauge 

outputs a millivolt-level signal proportional to the stagnation point heat flux. The gauges 

used in the present work are manufactured by Medtherm and come with a NIST traceable 

calibration curve from the manufacturer that is used to convert the output signal to heat 

flux.  

Two sizes of Gardon gauge are used in the current study: a large gauge designed to 

be the same size and shape as the test articles to more closely match the heat flux that a test 

article will see and a small-diameter probe for measuring radial variation in stagnation 

point heat flux across the diameter of the plume. The large probe measures 30 mm in 

diameter and has a 30 mm radius spherical front surface. The small probe measures 5 mm 

in diameter. 

2.2.1.3 Optical Emission Spectroscopy 

 

Figure 2-11. (Left) Large diameter Gardon gauge; (Right) small diameter Gardon gauge 

 

     

 



 52 

 

The temperature of the plasma is measured using an emission spectroscopy system. 

This system uses an OceanOptics HR4000 spectrometer to measure the emission spectrum 

between 200 nm and 1100 nm, giving the sensor an effective spectral resolution of 0.44 

nm/px. Light from the plasma is coupled into the spectrometer using a UV transmissive 

fiber optic cable. The captured spectrum is calibrated against an Ocean Optics LS-1-CAL 

tungsten calibration lamp to account for transmission losses in the optical system and 

efficiency of the CCD sensor. The spectral line broadening due to the optics of the 

spectrometer was estimated to be about 1.2 nm (FWHM), and was determined by recording 

the atomic emission line spectra from a low-pressure mercury vapor lamp.  

To obtain the radial variation of the plasma temperature, the collection beam was 

limited to a 1mm wide aperture with a pencil-like field of view using an adjustable iris and 

a 150mm focal length lens placed several focal lengths away from the torch plume, as 

pictured in Figure 2-12. Spectra were captured at 𝑦 locations across the diameter of the 

plume at 1mm intervals to obtain a spectral intensity vs. position, 𝐼(𝜆; 𝑦). These intensity 

measurements were then transformed using an Abel inversion process to obtain the spectral 

intensity vs. radial location, 𝐼(𝜆; 𝑟). The Abel inversion technique described in Villareal 

and Varghese [89] was used. The Abel inverted spectra were then used to calculate an 

electronic temperature as a function of plume radius. 

Figure 2-13(a,b) shows a sample of calibrated spectra of air and argon, respectively. 

In the air plasma emission spectrum, the dominant visible lines are the 777.3 nm oxygen 

triplet and groupings of nitrogen lines at 823nm, 843nm, and 868nm.  
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The Boltzmann temperature of the air plasma is calculated from the emission 

spectrum using the number densities of atoms contributing to the 615 nm oxygen line and 

the 777.3 nm oxygen triplet. These two lines are used because they are the only two that 

are intense enough to be discerned from the background with the spectrometry equipment 

used for these measurements. The number densities of each excited state are determined 

using Equation (2.2), where the subscripts 𝑢 and 𝑙 represent the upper and lower state of 

the transition, respectively. 

𝐼 = 𝑛𝑢

𝐴𝑢𝑙

4𝜋
 (휀𝑢 − 휀𝑙) (2.2) 

The Boltzmann temperature can then be determined from the number densities in 

each excited state using the relation in Eq. (2.3). 

 

Figure 2-12. Diagram of emission spectroscopy collection optics. 
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𝑛𝑢1

𝑔𝑢1
=

𝑛𝑢2

𝑔𝑢2
exp (−

휀𝑢1 − 휀𝑢2

𝑘𝑇𝐵
) (2.3) 

Substituting Equation (2.2) into Equation (2.3) equates the Boltzmann temperature 

to the intensity ratio between the two excited states, eliminating the need for an absolute 

intensity measurement. Applying this equation to the spectrum in Figure 2-13a yields a 

value of 𝑇𝐵 = 6,350 K. 

However, using a raw spectral intensity measurement will lead to error in the 

measurement as the spectrometer is capturing light from all along its line of sight. This 

effect can be removed from the measurement by collecting emission spectra along several 

lines of sight at different radial locations, and then performing an Abel inversion. Using an 

assumption of axisymmetry of the plasma plume properties, the true radial distribution of 

spectral intensity can be back-calculated from the recorded line-of-sight emission spectra, 

and this true intensity can be used in Eq. (2.2) and Eq. (2.3) to calculate a plasma 

temperature as a function of plume radius. 

 

Figure 2-13. Sample emission spectra for (a) air plasma, and (b) argon plasma. 
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In order for the assumption of axisymmetry to hold, the plume center must be 

accurately determined. Despite careful setup, the optics could only be aligned to the plume 

center within 1.5 mm. The offset of the coordinate system of the measurements from the 

true center of the plume was determined by finding the offset, 𝛿, which maximized the 

goodness of fit of a symmetric polynomial, 𝐼𝑝𝑜𝑙𝑦(𝑥 − 𝛿), to the data, 𝐼𝑐(𝑥; 𝜆), for every 

value of 𝜆. The polynomial fit to the data, 𝐼𝑝𝑜𝑙𝑦(𝑥 − 𝛿; 𝜆), was then Abel inverted to 

calculate 𝐼(𝜆; 𝑟). 𝐼𝑐, 𝐼𝑝𝑜𝑙𝑦 , and the Abel inverted intensity, 𝐼, are all plotted in Figure 2-14 

for the two oxygen emission lines.  

In the calculation of temperature, the intensity value of each emission line was 

estimated by fitting a Gaussian distribution in 𝜆 to the intensity data around the emission 

line for each value of 𝑟. Since instrument broadening, which is Gaussian in character, is 

the dominant cause of line broadening in these measurements, a Gaussian distribution 

provides the best fit to the data. The resulting 𝐼777.3(𝑟) and 𝐼615(𝑟) are then used in Eq. 

(2.2) and Eq. (2.3) to find 𝑇(𝑟). 
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Figure 2-14. Curve fit to intensity measurements and Abel-inverted intensity versus radius 

for 𝝀=777 nm and 𝝀=615 nm. 

2.3 TORCH CHARACTERIZATION 

2.3.1 Operational Envelope 

To characterize the operational range of the torch, the limits of the anode voltage 

and test gas flow rate were probed by starting the torch and adjusting each input in 

increments until the torch could no longer sustain the discharge. The anode voltage was 

increased in 0.5 kV increments, and the mass flow rate of test gas was increased in 5 slpm 

increments. 

The results of the systematic study are shown in Figure 2-15. The black points 

indicate the test conditions probed, and the gray region indicates the parameters under 



 57 

 

which stable operation was achieved. Below 9.5 kV, the torch is not producing the power 

necessary to sustain gas breakdown. The upper voltage bound is prescribed by the 

maximum allowable voltage for the components in the oscillator circuit. For each voltage, 

there is a maximum gas flow rate above which the torch cannot input enough power to 

sustain the ionization reactions and the plasma goes out. At the low end of flow rate, the 

coupling efficiency between the coil and the plasma drops and this causes more power to 

be dissipated in the oscillator circuitry than is recommended by the manufacturer. 

 

Figure 2-15. Operational envelope using air as a test gas. 

The input power of the torch is nominally capped at 50 kW, though can go as high 

as 60 kW. The internal control circuitry of the torch tries to keep a constant input power 

for a given voltage setting, but due to changes in the amount of coupling between the 

oscillator circuit and the plasma as the gas flow rate is changed, the input power drops 

slightly as the gas flow rate is increased, as shown in Figure 2-16.  
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Figure 2-16. Variation in plasma torch input power with setpoint voltage and test gas flow 

rate. 

Though the input power decreases slightly with increased gas flow rate, the 

coupling efficiency between the induction coil and the plasma increases significantly, 

driving the power coupled into the plasma to almost double for some voltage set points, as 

shown in Figure 2-17.  
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Figure 2-17. Variation in power coupled into plasma with test gas flow rate. 

2.3.2 Bulk Enthalpy 

One estimate of the flow enthalpy used in characterization of the plasma torch is 

obtained using an energy balance between the input power calculated from the voltage and 

current input to the oscillator circuit and the heat lost to the cooling system calculated from 

the change in temperature and mass flow rate of the coolant water. Enthalpy calculated in 

this way is referred to here as “bulk enthalpy”. It is an upper bound on the enthalpy of the 

flow, but a relatively poor estimate of the actual enthalpy since it doesn’t account for other 

potential energy losses like radio emission from the oscillator circuit and radiation from 

the plasma. 

The bulk enthalpy of the plasma flow was calculated for the entire operating range 

of the torch, and is shown in Figure 2-18. It can be seen that the bulk enthalpy decreases 
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as the flow rate is increased even though the plasma power calculated in the previous 

section was seen to increase with flow rate. This is because even though the power 

increased by a factor of up to 1.8, the flow rate of gas increased by a factor of up to 3, 

resulting in an overall decrease in the total energy per unit mass coupled into the plasma. 

 

Figure 2-18. Bulk enthalpy of plasma over operating range of torch. 

An interesting calculation that can be done for low-velocity plasma torches  is to 

use the assumption of thermal equilibrium in the plume to calculate approximate flow 

velocities based on the enthalpy, flow rate, and nozzle exit diameter. Calculation of the 

equilibrium gas density for each measured bulk enthalpy was performed using NASA’s 
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CEA equilibrium calculator. The resulting enthalpy-velocity envelope is given in Figure 

2-19. 

 

Figure 2-19. Approximate enthalpy-flow velocity envelope. The data point color and 

symbols correspond to the same voltage as Figure 2-19. 

2.3.3 Heat Flux 

Gardon gauge measurements of the stagnation point cold wall heat flux with air as 

the test gas were taken using the large-diameter gauge at 1, 2, and 3 nozzle exit diameters 

downstream of the nozzle exit for the entire operating envelope of the torch. The results of 

this test campaign are shown in Figure 2-20 as a function of test gas flow rate. The points 

show individual measurements, and each line shows the average function of �̇�𝑎𝑖𝑟 for each 

voltage setting. 

Several interesting observations can be made from this data set. The heat flux peaks 

for a given anode voltage about halfway through the flow rate range, drops, and then levels 
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off just before the maximum flow rate. This is likely due to the competing effects of the 

increasing flow velocity and decreasing bulk enthalpy as mass flow is increased for 

constant voltage. The nozzle exit velocity ranges from approximately 5 m/s to 35 m/s over 

the range of anode voltages and air flow rates. At air flow rates of above around 40 slpm, 

the torch plume also becomes very turbulent and this turbulent mixing with the room air 

might also help account for the drop in heat flux at high flow rates. 

 

Figure 2-20. Stagnation point heat flux measurements from Gardon gauge. 
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Figure 2-21. Stagnation point heat flux for air measured with a slug calorimeter. 

The curves for 𝑉𝑎 = 11.9 kV appear to be anomalous in that the heat flux for a 

given flow rate increases much more from 11.5 kV to 11.9 kV than it does from 11 kV to 

11.5 kV. However, comparing the measurements to those taken with the slug calorimeter, 

plotted in Figure 2-21, the effect looks real. One explanation is that the plasma jet produced 

at 𝑉𝑎 = 11.9 kV maintains its hot core flow for longer before being dissipated by mixing 

with the room air. The measurements at 𝑍 = 90 𝑚𝑚 lend credence to this hypothesis; the 

heat flux values for low flow rates are much lower than one might expect following the 

trend in heat flux vs distance from nozzle and then they suddenly jump up to the expected 

values at �̇� = 40 slpm, indicating that at 40 slpm, the jet becomes much more stable and 

is able to sustain for the full 90 mm from the nozzle to the probe. 
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Figure 2-22. Selected comparison of large-diameter Gardon gauge and slug calorimeter 

measurements at Z = 60 mm. 

Similar measurements were taken at the same Z values and a selected number of 

flow rates within the operating range using a slug calorimeter. These measurements are 

given in Figure 2-21. The change with mass flow rate for a constant voltage is qualitatively 

similar to that measured using the Gardon gauge. To make a better comparison between 

the two sets of data, representative sets of slug calorimeter and Gardon gauge 

measurements are plotted together in Figure 2-22 and show that the two data sets agree 

fairly well, though at higher heat flux values, the calorimeter seems to consistently read 

slightly higher. 

To further illustrate the slight inconsistency between the two types of gauge, 

readings from each gauge at corresponding torch voltage and gas flow settings are plotted 

in Figure 2-23. In cases where multiple Gardon gauge measurements were made at the 
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same torch condition as a slug calorimeter measurement, these Gardon gauge 

measurements were averaged together. The plot shows that the calorimeter consistently 

reads slightly higher than the Gardon gauge for the same torch conditions with a ratio of 

1.049:1.  

A likely explanation for this discrepancy is the relative size of the sensing area of 

each probe. The constantan disk that composes the sensing area of the Gardon gauge is 3 

mm in diameter and the copper slug in the thermal capacitance calorimeter is 15.875 mm 

in diameter. If the hottest part of the plume is off center by more than 2 or 3 mm, the Gardon 

gauge sensing area will miss it entirely, but it will still be within the sensing area of the 

capacitance calorimeter, and so the calorimeter will have a slightly higher reading. 

 

 

Figure 2-23. Plot of slug calorimeter and Gardon gauge heat flux measurements for 

corresponding torch conditions. 
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Unfortunately, it is more difficult to calculate the enthalpy based on the heat flux 

for subsonic plasma flows than it is for supersonic plasma flows. This is because, as 

discussed in Section 1.1.3.1, the heat flux depends partially on the velocity gradient at the 

stagnation point. For supersonic flows, the velocity gradient can be conveniently converted 

into the relation given in Equation (2.4) using modified Newtonian dynamics, where 𝑅𝑁 is 

the nose radius of the test article. All of these values are readily determined from quantities 

that are easily measured in the typical high-enthalpy facility. 

 (
𝑑𝑢𝑒

𝑑𝑥
)

𝑠
=

1

𝑅𝑁
√

2𝑝𝑠 − 𝑝∞

𝜌𝑠
 (2.4) 

For subsonic flows, the relation is less straightforward. For flat-faced cylinders in 

subsonic flow, Kolesnikov [23] proposes the relation given in Equation (2.5) based on 

calculations and experimental measurements, where 𝜉 is the ratio, 𝑅𝑚 𝑅𝑗⁄ , of the model 

radius to the plasma jet radius. For other shapes like hemispherical cylinders and spheres, 

solutions from potential flow can be used. For example, White [26] derived the relation for 

the velocity gradient of a hemispherical cylinder given in Equation (2.6).  

 (
𝑑𝑢𝑒

𝑑𝑥
)

𝑠

𝑅𝑚

𝑉∞
= {

1

2 − 𝜉 − 1.68(𝜉 − 1)2 − 1.28(𝜉 − 1)3
, 𝜉 ≤ 1

𝜉, 𝜉 > 1

 (2.5) 

 (
𝑑𝑢𝑒

𝑑𝑥
)

𝑠
=

4𝑉∞

𝐷𝑚
 (1 − 0.416𝑀∞

2 − 0.164𝑀∞
4 + ⋯ ) (2.6) 

Both of these relations depend on the freestream velocity of the plasma jet, which 

is less straightforward to determine accurately from typical measurements of facility 

conditions. As discussed in Section 2.3.2, an estimate of the flow velocity can be obtained 
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from the measured bulk enthalpy and the test gas flow rate. This defeats the purpose of 

using the cold wall heat flux as an independent measure of the freestream enthalpy, but can 

provide useful insight. 

2.3.4 Stagnation Pressure 

Because the ICP torch is an atmospheric pressure subsonic flow, the stagnation 

pressure is always approximately 1 atm. As discussed in Section 1.1.3.2, this can be taken 

into account when extrapolating the facility conditions to flight conditions as long as there 

is no mass injection into the flow from the material surface. However, it is important to 

keep the difference between the pressure conditions in the ICP and in flight in mind, as 

pressure might have more of an effect when considering the ablation characteristics of a 

material. 

For comparison, Apollo 4 saw stagnation pressures of between 0.1 and 0.25 atm 

during its peak heating and late stage phases of the reentry trajectory, respectively [90]. 

Lower-velocity reentry trajectories like those seen from low Earth orbit see stagnation 

pressure of between 0.03 and 0.15 atm at the beginning and end of the peak heating phase 

[91].  

2.3.5 Radial Variation in Heat Flux 

Using the small-diameter Gardon gauge, measurements of the radial variation in 

heat flux were taken at several points in the operating range of the torch. Heat flux profiles 

for 𝑉𝑎 = 9.5 kV at three different flow rates are shown below in Figure 2-24. The first thing 

one might note is the peak of each curve is significantly larger than the values measured 

for the same voltage and flow rate by the large Gardon gauge and the slug calorimeter. This 
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is due to the much smaller size of this Gardon gauge, only 5 mm in diameter. This increases 

the velocity gradient, 
𝑑𝑢𝑒

𝑑𝑥
, significantly, and since, as discussed in Section 1.1.3.1, the heat 

flux to the surface is proportional to the square root of the velocity gradient, this results in 

a much higher heat flux for the same flow enthalpy. 

The other point to note about Figure 2-24 is that the position of the maximum heat 

flux seems to drift away from the center as flow rate is increased. Figure 2-25 shows the 

peak heat flux offset for all of the radial profiles obtained and demonstrates that the effect 

is consistent across voltage settings and is more or less exclusively dependent on mass flow 

rate.  
 

 

Figure 2-24. Radial heat flux profiles for Va = 9.5 kV. 
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Figure 2-25. Offset of the position of peak heat flux with respect to the centerline of the 

nozzle. 

The source of this asymmetry seems to be the gas injection into the plasma 

chamber. In the plasma chamber bottom end cap as delivered, the gas is injected into the 

chamber through four angled injection slots fed by an annular manifold, as shown in Figure 

2-26. The inlet for the manifold is located on one side, very near one injection slot and 

directly opposite another. This results in the velocity of the gas through the injection slot 

located next to the manifold inlet being significantly higher than the velocity of the gas 

through the opposed injection slot.  
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Figure 2-26. Bottom chamber end cap cutaway view showing gas injection slots and test 

gas injection manifold. 

2.3.6 Optical Emission Spectroscopy 

Measurements were taken 5 mm downstream of the nozzle exit for three different 

torch settings: 10 kV, 10.5 kV, and 11 kV, all at 25 slpm. The temperature profiles are 

shown in Figure 2-27. Note that the plume radius extends to 15 mm, but beyond 8 mm, the 

emission intensity was too weak to be discerned from the background using the current 

collection system. The measurements show that for a flow rate of 25 slpm, increasing the 

voltage from 10 kV to 11 kV increases the peak temperature of the gas by approximately 

750 K. For all three voltages, the temperature drops by 750 K to 1,200 K from the peak 
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temperature at the centerline to the limit of the sensitivity of the collection optics at 𝑟 =

8 mm.  

 

Figure 2-27. Radial profiles of electronic temperature in the plume for 𝑉𝑎 = 10 kV, 10.5 

kV, and 11 kV at ṁair = 25 slpm. 

From these temperature measurements, it is possible to estimate the plasma density 

of the plume assuming thermal equilibrium. In the temperature range determined above, 

the number density of free electrons is of the order 11017 cm-1. The ionization fraction is 

of the order 110-4. 

2.3.7 Teflon Ablation 

As a low-temperature sublimating ablator, Teflon is relatively simple to analyze on 

a control volume basis and has relatively simple chemistry rates, and this simplicity has 
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lead to the material being used as a standard test material for comparing the conditions at 

multiple ground test facilities. It was used in the round robin test program in 1965 as a 

control specimen and an independent way of measuring the enthalpy in addition to thermal 

capacitance calorimetry and the energy balance method [9], [92]. The Teflon samples can 

also be used as a qualitative indicator of flow quality in the facility [27]. 

In the current work, four Teflon samples were exposed to different heat loads in the 

ICP facility to compare to the Teflon recession rates observed in other facilities and 

measure the degree of nonuniformity in the plasma flow. Each test specimen was a cylinder 

30 mm in diameter and 30 mm long with a 30 mm radius hemispherical stagnation surface. 

This shape was chosen because it matched the shape of the thermal capacitance calorimeter 

and the Gardon gauge, and so the cold wall heat flux could be directly compared between 

the probe and the test specimen.  

The Teflon samples were exposed to three different measured cold-wall heat flux 

values, given in Table 2-2. The mid-range heat flux value test was repeated with two 

different insertion times in order to confirm that any transient effects immediately after 

insertion were not significant. The surface profile of each sample was measured using the 

dial indicator profilometer described in Appendix A before and after each test to generate 

a 2D map of total surface recession over the entire stagnation surface.  
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Table 2-2. Test conditions for Teflon samples 

Test Anode Voltage 

(kV) 

Gas Flow Rate 

(slpm) 
�̇�𝐶𝑊  

(W/cm²) 

Insertion Time  

(s) 

1 10.46 30 155 17.3 
2 10.41 30 150 30.1 

3 10.90 40 178 20.2 

4 9.50 30 115 45.1 

 

The Hiester and Clark report on the NASA Round Robin test program [9] contains 

a large number of Teflon ablation tests from multiple facilities, both supersonic and 

subsonic. For comparison purposes, the stagnation point recession of the current Teflon 

models was calculated using the average recession within 3 mm of the center point of the 

test model. Figure 2-28 shows the plot of the surface recession rate (total recession divided 

by total insertion time) against the stagnation pressure-adjusted cold wall heat flux given 

by Equation (2.7). This equation is an easily calculated proxy for the stagnation enthalpy 

of the flow, and allows the recession rate data to be collapsed to a single power law relation. 

 𝑞𝐶𝑊
′ = 𝑞𝐶𝑊 ∙ √𝑝0 (2.7) 

The data shown in Figure 2-28 indicate that the Teflon ablation measurements made 

in the UT ICP facility are in good agreement with the subsonic data from the NASA Round 

Robin tests. However, it is obvious from this plot that the cold wall heat flux is not a good 

proxy for the stagnation enthalpy of the flow when comparing supersonic and subsonic 

data, and requires a further correction factor to collapse the data to a single relation.  

The missing piece is the velocity gradient at the boundary layer edge. As discussed 

in Section 1.1.3.2 Fletcher and Playez [25] showed that for the same measured bulk 

enthalpy and stagnation pressure, a supersonic facility will measure a much higher cold 
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wall heat flux than a subsonic facility will, but when the heat flux values are scaled by the 

square root of the velocity gradient, they match within a reasonable margin.  

Unfortunately, finding the velocity gradient in this way requires knowledge of the 

freestream velocity of the plasma jet, a quantity that is typically not reported in high-

enthalpy ablation studies because it is difficult to measure. However, some of the facilities 

in the Round Robin study did report their nozzle expansion ratios, total stream enthalpy, 

test chamber pressure, and plenum chamber pressure. From these values, a rough estimate 

of the freestream velocity can be calculated assuming local thermodynamic equilibrium in 

the plenum, isentropic expansion, and frozen flow in the nozzle. The freestream velocity 

of subsonic facilities for which no value is given will be estimated using the measured bulk 

enthalpy, the test gas mass flow, and the nozzle diameter, assuming local thermodynamic 

equilibrium. 
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Figure 2-28. Comparison of UT ICP Teflon insertion data with data from the 1965 NASA 

Round Robin test program [9]. Filled symbols indicate data from subsonic facilities. 

The method used by Fletcher and Playez [25], also discussed earlier in Section 

1.1.3.2 will be used to estimate the square root of the stagnation point velocity gradient, 

𝑑𝑢𝑒
𝑑𝑥

, which will be used in the scaling given in Equation (2.8). 

 𝑄′ = 𝑞0,𝑐𝑤(𝑃0)0.5 (
𝑑𝑢𝑒

𝑑𝑥
)

0.5

 (2.8) 
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The resulting plot of scaled heat flux vs. surface recession rate is given in Figure 

2-29. The data from the Boeing test facility have been left out because they did not report 

enough information about their tests to calculate a freestream velocity estimate. 

Additionally, the Manned Spacecraft Center did not report a mass flow rate for each test, 

instead only reporting a mass flow rate range for all runs. However, changing the flow rate 

within this range did not significantly affect the scaling so the average flow rate was used 

to estimate the freestream velocity.  

As can be seen in Figure 2-29, the correlation between subsonic and supersonic 

recession rate data for Teflon is greatly improved by this addition to the heat flux scaling.  
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Figure 2-29. Comparison of UT ICP Teflon insertion data with data from the 1965 NASA 

Round Robin test program [9] using the heat flux scaling from Fletcher and Playez [25]. 

Filled symbols indicate data from subsonic facilities. 

2.3.7.1 Plasma Plume Asymmetry 

The low ablation temperature of Teflon also makes it useful for qualitatively 

visualizing nonuniformities in the plasma flow field. A hot spot in the flow will cause 

greater erosion of the Teflon surface at that spot. Gulli, et al. [27] used this technique to 
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show greater surface heating at the interaction points of shock waves generated by their 

supersonic nozzle.  

In the current work, the total surface recession of the four Teflon samples was 

measured at 1.27 mm increments on a 21x21 grid using the dial gauge profilometer 

described in Appendix A. The 2D map of surface recession for each sample is shown in 

Figure 2-30. 

 

Figure 2-30. Spatial variation in total surface recession for four Teflon samples as percent 

difference from stagnation point recession. 
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In a perfectly uniform axisymmetric plume, the total recession would be relatively 

constant over the hemispherical region of the sample, increasing around the outer diameter 

due to the increasing flow velocity around the small corner radius. This increase in 

recession around the outer diameter can indeed be seen in the plot in Figure 2-30. However, 

the total recession on the hemispherical surface of the model is asymmetric, indicating the 

peak enthalpy of the plasma plume is offset from the central axis.  

2.4 CONCLUDING REMARKS 

A range of measurements have been taken of the properties of the UT ICP torch 

facility to determine its operating range and flow properties. A complete study of the cold 

wall heat flux over the operating range of the torch was completed using two independent 

probes that showed good agreement between each other, and the torch was found to be 

capable of up to 240 W/cm² and a freestream velocity of approximately 35 m/s.  

Emission spectroscopy was used to measure the electronic temperature of the 

plasma for multiple values of anode voltage, and found the plasma to be between 5800 K 

and 6700 K at the centerline of the plume.  

The subsonic nature of the facility creates some challenges when analyzing data, 

because the standard method of using Fay-Riddell analysis to relate the cold wall heat flux 

to the flow enthalpy is not applicable. However, it was shown using Teflon ablation rate 

data that by using a more appropriate scaling factor that is not dependent on Newtonian 

flow theory, data from subsonic and supersonic facilities could be meaningfully compared. 
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Chapter 3: Raman Spectroscopy  

This chapter presents measurements of the vibrational and rotational temperature 

of the flow in the plume of the ICP torch using spontaneous Raman scattering (SRS). First, 

time-averaged measurements were made in the freestream flow of the ICP using a single-

pass setup. In order to reduce the signal integration time required to acquire a high signal-

to-noise ratio spectrum, the single-pass laser setup was changed to utilize a multi-pass cell 

as previously used by Utsav KC, et al. [61] and later Reising [93] to increase the Raman 

signal by passing the same laser beam through the measurement point multiple times. 

3.1 SINGLE PASS MEASUREMENTS 

3.1.1 Optical Setup 

The single-pass freestream measurements used a frequency-doubled Spectra 

Physics GCR Nd-YAG laser as the scattering source. The laser has a maximum energy per 

pulse of approximately 260 mJ at a repetition rate of 10 Hz, for a total average power of 

2.6 W. To avoid gas breakdown associated with focused laser beams with high peak power, 

lasers with longer pulses and lower peak powers are generally desirable. However, a 

relatively high pulse power is needed for these experiments to lift the weak Raman signal 

above the intense background luminosity of the plasma. This necessitates a tradeoff, given 

available laser systems, between having enough peak pulse energy to detect adequate 

Raman signal in the plasma and the length of the required integration time. 
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Figure 3-1. Laser path setup for single-pass spontaneous laser Raman scattering 

spectroscopy. 

A diagram of the laser path is shown in Figure 3-1. The beam polarization was 

rotated to the optimum orientation to maximize scattered signal in the direction of the 

collection optics using a ½-wave plate. The beam diameter at the measurement point was 

reduced by focusing the beam with a 750 mm focal length lens. A long focal length was 

used in order to increase the diameter of the beam waist at the focus and thereby reduce 

the chance of optical breakdown of the gas at the focal point of the beam. The beam was 
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then directed through the ICP torch plume and into a beam dump on the other side using 

laser line mirrors. 

The collection optics are detailed in Figure 3-2. A large f/2.2 collection lens was 

used to image the measurement point onto the input of the HoloSpec spectrograph. Internal 

to the spectrograph, the collection beam was first collimated and sent through a SuperNotch 

filter with O.D. > 4.0 and bandwidth < 350 cm-1 to remove the elastically scattered light. 

The beam was then refocused onto the input slit, after which it is dispersed using a HDG-

608 transmission grating and the resulting spectrum is imaged using an intensified charge-

coupled device (ICCD) camera with an 18mm wide HB Gen III intensifier (Princeton 

Instruments PI-MAX 3). The intensifier had a quantum efficiency of 44% at 607 nm, near 

the peak of the Q branch of the Stokes signal from 14N2. The CCD array had 1024  256 

pixels 26 m  26 m, of which approximately 620  256 were covered by the intensifier. 

The spectral coverage of the detector was 595 to 620 nm for these experiments. A slit width 

of 167 m was used to maximize collected light while also providing adequate spectral 

resolution. This slit combined with the diameter of the focus of the laser beam resulted in 

a measurement volume that measured 1 mm  1 mm  0.23 mm. 

The total integration time of the CCD for each measurement was varied between 

20 s and 1,000 s depending on the position inside the plasma plume. These long integration 

times were necessary to achieve a sufficient signal to noise ratio in the O- and S-branches 

of the spectrum given the relatively low average power of the laser and the extremely low 

scattering signal in the center of the plume. The intensity of spontaneous Raman scattering 

is directly proportional to the number density of the target molecule, and the gas density in 

the center of the plume is 50 times lower than at the edge. Additionally, at the temperatures 
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in the center of the plume, the N2 is approximately 50% dissociated, meaning the number 

density of N2 and therefore the intensity of the Raman scattering signal changes by two 

orders of magnitude between the room air and the plume center. 

 

Figure 3-2. Diagram of collection optics for Spontaneous Raman spectroscopy. 

The sample spectra shown in Figure 3-3 illustrate the various components of the 

Raman scattered spectrum and how each changes with gas temperature. The spectra shown 

are acquired from the plasma plume and the associated temperature is determined by fitting 

a theoretical spectrum to the data. In Figure 3-3a, a spectrum is shown at a temperature of 

300K, and one can see the Q-, O-, and S-branches, as well as the Q-branch of the 14N15N 

isotope. As temperature is increased to 900 K in Figure 3-3b, a second and third peak 

appear to the left of the Q-branch. These are the vibrational “hot bands”, which correspond 
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to transitions between higher-energy vibrational states. These hot bands overpower the O-

branch as well as the Q-branch fundamental (v: 1← 0) of the 14N15N isotope, and when the 

temperature is increased even higher to 5100 K near the center of the plume, the O-branch 

is completely obscured in the spectral range of the intensified camera by a long string of 

hot-band Q-branches. 



 85 

 

 

Figure 3-3. Sample spectra from a) outside the plume at 300K, b) just inside the plume at 

950K, and c) in the center of the plume at 5100 K. 
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3.1.2 Dust Particle Interference 

One challenge encountered during these measurements was interference from laser-

induced incandescence from stray dust particles in the beam. Due to the high peak power 

in the focused part of the beam, a dust particle entering the beam is rapidly heated, often to 

high enough temperatures to induce breakdown in the surrounding air. If this event occurs 

within the field of view of the SRS collection optics, the light from the event completely 

obscures the Raman scattering signal for that integration period. 

This phenomenon had been observed previously by Reising [93], who determined 

the interference to be caused by dust particles and not spontaneous breakdown due to the 

fact that the events occurred outside of the focus of the beam and did not occur within the 

co-flow of jet flame, which had been heavily filtered and contained minimal particulates. 

Because the plasma was generated from bottled air and because of the high 

temperature of the plasma, the plasma plume itself contained minimal particulate matter. 

This meant that measurements inside the plasma plume were not directly affected by the 

dust incandescence, as long as the measurement was far enough inside the plume that dust 

could not get entrained from the ambient air. However, dust events indirectly affected the 

measurements by disrupting the beam. When a dust incandescence event occurred 

upstream of the measurement point along the beam path, the laser pulse was significantly 

deflected from the original path and little to no Raman signal was captured for that laser 

pulse. This had the effect of reducing the effective signal to noise ratio of the overall 

measurement and skewing the absolute intensity measurements of the Raman signals. 
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3.1.3 Spectrometer Calibration 

To make accurate measurements, the relation between pixel intensity and spectral 

intensity and the pixel position and spectral wavelength must be calibrated. This is 

achieved by capturing the spectrum from known sources and extracting a calibration curve 

from the measured spectra. To also account for transmission coefficients and aberrations 

in the collection optics, the entire setup is calibrated in place once the optimum optical 

alignment has been determined. 

3.1.3.1 Wavelength 

The spectral wavelength is calibrated using the emission of a neon discharge lamp. 

A sample neon calibration spectrum is shown in Figure 3-4a. Neon was chosen because it 

has several strong emission lines in the spectral range of interest: 590 nm to 615 nm. To 

perform the calibration, the exact pixel location of the peak of each emission line is 

determined using a Gaussian fit. These pixel locations are then correlated with the 

theoretical wavelength of the emission line using data from the NIST Atomic Spectra 

Database [94]. A sample correlation is shown in Figure 3-4b. Conversion from pixel 

location to wavelength is performed using a best fit quadratic function.  
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Figure 3-4. (a) Sample neon lamp spectrum, and (b) resulting wavelength calibration curve. 

3.1.3.2 Spectral Intensity 

The method used to calibrate the spectral intensity is similar to that described in 

detail by Utsav KC [95]. To calibrate intensity of each pixel, a calibrated black body source 

at 1473 K (1200 ºC) was placed in the field of view of the collection optics. The blackbody 

emission spectrum was captured and compared to a theoretical Planck blackbody curve, a 

sample of which is shown in Figure 3-5. A pixel by pixel correction factor is generated by 

dividing the theoretical intensity of each pixel, calculated from the Planck black body 

equation, by the measured intensity in ADC counts. In the captured spectrum plotted in 

Figure 3-5, the first and last 5 nm of the range are not used in the intensity calibration. The 

edge response decreases rapidly because the diameter of the intensifier (18 mm) is smaller 

than the width (25 mm) of the CCD, as discussed in Section 3.1.1. 
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Figure 3-5. Spectral intensity for theoretical Planck blackbody emission spectrum and 

measured blackbody spectrum from a source at 1473 K. Theoretical spectrum is normalized 

to peak of measured spectrum. 

3.1.3.3 Line Broadening 

To accurately fit a temperature to the measured Raman spectrum, a model for the 

spectral line broadening is needed. The spectrum simulation used in the current work uses 

a simple line broadening model that is the convolution of a Lorentzian distribution and a 

trapezoidal distribution. To determine the coefficients for the model, a Raman spectrum is 

captured in air at a known temperature, and the Lorentzian width, the trapezoid base, and 

the trapezoid height, are all determined using a least square fit. The coefficients for the 

broadening model are then assumed to remain fixed as long as the instrument and collection 

optics are not changed. A sample spectrum with its least square line shape fit is shown in 

Figure 3-6. 
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Figure 3-6. Sample line shape calibration spectrum captured at 290.4 K showing the 

captured spectrum, the best fit, and the plot of the residuals. 

3.1.4  Equilibrium Temperature Fits 

Keeping the line broadening model coefficients fixed, a computed spectrum 

depends only on the gas temperature. The simulated spectrum can then be fit in a least 

squares sense to any recorded spectrum to determine the gas temperature. Two example 

spectrum fits from 18.8 mm from the center of the plasma plume and 3.6 mm from the 

center of the plasma plume are shown in Figure 3-7 and Figure 3-9, respectively. The 
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sample at 18.8 mm is outside the radius of the torch nozzle, and so the temperature is 

comparatively close to room temperature, having only been heated by thermal diffusion 

and growth of the shear layer. The local density and background luminosity are such that 

the spectrum has a good signal to noise ratio with only 300 s of integration time. Figure 

3-7 shows good agreement between the measured spectrum and the temperature fit, with 

an rms residual of 0.05.  

 

Figure 3-7. Sample measured spectrum and least square fit spectrum at input power of 32 

kW and a gas flow rate of 25 slpm, 18.8 mm from center of plasma plume. 

To get a better picture of how good the fit is, one should look at the residuals of the 

fit, shown in Figure 3-8. The histogram of the residuals shows that the noise is 

approximately normally distributed, but is slightly biased negative, indicating that there is 

something going on that the model is not capturing. In addition, the residuals are higher 

around the N14N15 isotope Q-branch. 
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Figure 3-8. Plot and histogram of residuals for the least square temperature fit spectrum at 

input power of 32 kW and a gas flow rate of 25 slpm, 18.8 mm from center of plasma 

plume. 

On the other hand at 3.6 mm from the plume center, the local density is fifty times 

lower and the background luminosity of the plasma in the 600 nm to 615 nm wavelength 

range is almost one hundred times greater. This means a fifty-fold decrease in the available 

Raman signal at the same time as a hundred-fold increase in the competing background 

luminosity. This decreases the signal-to-noise ratio dramatically, and makes it nearly 

impossible to discern the S-branch in the measured spectrum, as is obvious from the 

spectral fit in Figure 3-9. However, the fit to the Q-branches of the vibrational hot bands, 

which are ten to fifty times the intensity of the S-branches, is still very good. 

Additionally, as can be seen in the residual plot and histogram in Figure 3-10, the 

noise is much more evenly distributed throughout the spectrum and is not biased in any 
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direction. This indicates that even though the signal is noisy, as shown by the much broader 

histogram, the model spectrum is an accurate representation of the measured spectrum. 

 

Figure 3-9. Sample measured spectrum and least square fit spectrum at an input power of 

32 kW and a gas flow rate of 25 slpm, 3.6 mm from center of plasma plume. 
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Figure 3-10. Plot and histogram of residuals for the least square temperature fit spectrum 

at an input power of 32 kW and a gas flow rate of 25 slpm, 3.6 mm from center of plasma 

plume. 

3.1.5 Accuracy of Temperature Measurements 

3.1.5.1 Precision Estimation with Simulated Spectra 

It is difficult to get a measure of the accuracy of the temperature measurements 

made using this method of fitting to the Raman scattering spectrum. However, one test that 

can be instructive is to apply the residual of a measurement to a simulated spectrum at a 

slightly different temperature than the inferred value and try to fit the simulated spectrum 

with this noise added. The procedure is described using Equation (3.1), where 𝑆𝑠𝑖𝑚,∆𝑇 is a 

simulated spectrum at the temperature, 𝑇𝑠𝑖𝑚 = 𝑇𝑓𝑖𝑡 + Δ𝑇, and 𝐸 is the residual of the 

temperature fit as given by Equation (3.2). 
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 𝑆𝑡𝑒𝑠𝑡
′ = 𝑆𝑠𝑖𝑚,∆𝑇 + 𝐸 (3.1) 

 𝐸 = 𝑆𝑚𝑒𝑎𝑠 − 𝑆𝑠𝑖𝑚(𝑇𝑓𝑖𝑡) (3.2) 

 

This procedure was applied to the Raman spectra captured across the plasma plume 

at an input power of 32 kW and a test gas flow rate of 25 slpm and the resulting difference 

between the temperature, 𝑇𝑓𝑖𝑡
′  (as determined from a fit of 𝑆𝑡𝑒𝑠𝑡

′ ), and 𝑇𝑠𝑖𝑚 for each 

measurement point and six different choices for the offset temperature, Δ𝑇, is shown in 

Figure 3-11.  

In the center of the plasma plume, the difference between 𝑇𝑓𝑖𝑡
′  is consistently 10 K 

to 20 K lower than 𝑇𝑠𝑖𝑚, but this difference is very repeatable for all values of Δ𝑇. In the 

shear layer of the plume, the fitting error between 𝑇𝑓𝑖𝑡
′  and 𝑇𝑠𝑖𝑚 is much lower, but it is also 

much more variable with different values of Δ𝑇. And outside the plume, the fitting error is 

also low, but is consistently biased about 5 K high. The fact that the fitting algorithm is 

always within about 20 K of the simulated temperature value seems to indicate that the 

accuracy of the temperature fit is fairly high, even in the center of the plume where the 

signal to noise ratio is much lower. 
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Figure 3-11. Difference between fit temperature and input temperature to simulated 

spectrum when residual of measurement is applied to simulated spectrum at a temperature 

offset from the measured temperature. 

3.1.5.2 Sensitivity of Fit to Line Shape 

One other possible source of error in the spectrum fit is the line shape model. The 

current work follows the method of Utsav and Varghese [61] as well as Reising, et al. [96] 

and uses a line shape model consisting of the convolution of a trapezoidal function with 

base, 𝑏, and top, 𝑡, and a Lorentzian distribution of width 𝜆𝐿. This model was found to fit 
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the line shapes in room temperature air with less error in the tails than Gaussian, Voigt, or 

Lorentzian distributions alone.  

The line shape model parameters are determined by capturing a room temperature 

Raman spectrum at a known temperature and fitting a simulated spectrum to it by varying 

the line shape. The line shape is then assumed to be constant for all subsequent fits as long 

as the arrangement of the Raman signal collection optics do not change. However, this can 

only be assumed to be true as long as the instrument broadening, described primarily by 

the trapezoidal component of the line shape model, is the dominant source of line 

broadening.  

To determine the sensitivity of the fit to the line shape parameters, three measured 

spectra at different points within the plasma plume were re-fit for temperature with varying 

line shape parameters. The Lorentzian width, 𝜆𝐿,𝑛𝑒𝑤, was varied between 0.1𝜆𝐿,𝑜𝑟𝑖𝑔 and 

10𝜆𝐿,𝑜𝑟𝑖𝑔. Two sets of line shapes were calculated. In the first set, the trapezoidal function 

parameters were varied along with the Lorentzian width so as to maintain a similar line 

shape and test the sensitivity of the fit to small variations in the overall line shape. This 

was achieved by determining the best fit values of b and t to fit a profile with 𝜆𝐿,𝑛𝑒𝑤  to the 

original line shape profile. In the other set, the trapezoidal function parameters were left 

unchanged to assess the effect of fixed instrument broadening with increasing Doppler and 

Stark broadening, as might be expected in the higher-temperature plasma. 

The line shape parameters used in the study are given in Table 3-1. The values on 

the left have the adjusted trapezoid values to keep the overall line shape as similar as 

possible to the original. Figure 3-12a shows the variation in the line shape for selected line 

shape parameters from this column. Note that as the Lorentzian width increases above 
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about 7 times the original width, changing the trapezoid shape alone cannot keep the overall 

line shape the same, as can be seen in Figure 3-12a. 

Table 3-1. Line shape parameters used in sensitivity analysis. The highlighted row is the 

original line shape. 

 A) MATCH LINE SHAPE B) FIXED INSTRUMENT WIDTH 

Fit # 𝝀𝑳 b t 𝝀𝑳 b t 

1 0.0011 0.1723 0.0699 0.0011 0.1549 0.0784 

2 0.0016 0.1718 0.0701 0.0016 0.1549 0.0784 

3 0.0022 0.1709 0.0704 0.0022 0.1549 0.0784 

4 0.0030 0.1696 0.0708 0.0030 0.1549 0.0784 

5 0.0042 0.1677 0.0717 0.0042 0.1549 0.0784 

6 0.0059 0.1648 0.0732 0.0059 0.1549 0.0784 

7 0.0081 0.1607 0.0752 0.0081 0.1549 0.0784 

8 0.0113 0.1549 0.0784 0.0113 0.1549 0.0784 

9 0.0157 0.1458 0.0837 0.0157 0.1549 0.0784 

10 0.0218 0.1287 0.0958 0.0218 0.1549 0.0784 

11 0.0303 0.1069 0.1053 0.0303 0.1549 0.0784 

12 0.0421 0.0975 0.0960 0.0421 0.1549 0.0784 

13 0.0585 0.0805 0.0793 0.0585 0.1549 0.0784 

14 0.0813 0.0400 0.0394 0.0813 0.1549 0.0784 

15 0.1130 0.0001 0.0001 0.1130 0.1549 0.0784 
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Figure 3-12. Line shapes for 5 different values of 𝜆𝐿,𝑛𝑒𝑤/𝜆𝐿,𝑜𝑟𝑖𝑔 with (a) trapezoid 

parameters adjusted to keep line shape as similar to original as possible and (b) trapezoid 

parameters kept constant. 

The sensitivity to line shape was calculated by performing a temperature fit using 

each of the adjusted line shape parameters sets from Table 3-1 to each of 3 different 

measured spectra: one at 2493 K, 5693 K, and 6119 K. The fit temperature using the new 

line shape was then compared to the fit temperature for the original line shape. 

Figure 3-13 shows the variation in the fit temperature of the spectrum at an original 

fit temperature of 2493 K for both of these sets of line shape parameters. Figure 3-14 and 

Figure 3-15 show the variation for spectra at an original fit temperature of 5693 K and 6119 

K, respectively. For all of these points within the plasma plume, the fit temperature is 

within 20 K for values of 𝜆𝐿,𝑛𝑒𝑤  between 0.12𝜆𝐿,𝑜𝑟𝑖𝑔 and 2𝜆𝐿,𝑜𝑟𝑖𝑔. For the cases in which 

𝑏 and 𝑡 were also adjusted to match the original line shape approximately, the temperature 

fit doesn’t change as much with changes in 𝜆𝐿 as when only 𝜆𝐿 is adjusted. However, when 

only the Lorentzian width is adjusted, the difference between the new fit temperature and 
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the fit temperature with the original line shape parameters increases quickly with 𝜆𝐿,𝑛𝑒𝑤 , 

by as much as 100 K within the range of 𝜆𝐿,𝑛𝑒𝑤 calculated. For some of the larger values 

of 𝜆𝐿, the fitting algorithm failed, and these points were discarded. 

 

Figure 3-13. Change in fit temperature with line shape parameters for a spectrum at a 

nominal temperature of 2493 K. In (a), the trapezoidal line shape parameters have been 

adjusted to maintain a similar overall line shape if possible and in (b) the trapezoidal 

parameters have been left unchanged and only the Lorentzian width has been altered. 
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Figure 3-14. Change in fit temperature with line shape parameters for a spectrum at a 

nominal temperature of 5693 K. In (a), the trapezoidal line shape parameters have been 

adjusted to maintain a similar overall line shape if possible and in (b) the trapezoidal 

parameters have been left unchanged and only the Lorentzian width has been altered. 
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Figure 3-15. Change in fit temperature with line shape parameters for a spectrum at a 

nominal temperature of 6119 K. In (a), the trapezoidal line shape parameters have been 

adjusted to maintain a similar overall line shape if possible and in (b) the trapezoidal 

parameters have been left unchanged and only the Lorentzian width has been altered. 

This is good evidence that the accuracy of the fitted temperature depends on a 

reasonably accurate model for the line shape. By itself, this might indicate that the 

temperature fit is very unreliable in the hot part of the plasma where the line might broaden 

quite a bit due to the increase in temperature of the gas. However, by looking at the 

residuals of the fits for each of these line shape values shown in Figure 3-16, we can see 

that the fit is slightly better with a smaller 𝜆𝐿 parameter at 2493 K, but becomes 

significantly worse as the value of 𝜆𝐿,𝑛𝑒𝑤  is increased above the original value. Indeed, this 

can be seen from the appearance of the spectrum fit for the line shape parameter set 12B 

from Table 3-1, shown in Figure 3-17. The fitted spectrum fails to capture the peaks and 

valleys of the captured spectrum because the line shape model is broadened too much.  
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Figure 3-16. Variation in the norm of the residuals for spectrum fits with varying 𝜆𝐿, 

keeping the trapezoid parameters fixed. (a) 2493 K nominal temperature, (b) 5629 K 

nominal temperature, and (c) 6119 K nominal temperature 

 

Figure 3-17. Sample fit using line shape parameter set number 12B. 
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This sensitivity analysis indicates that even at high temperatures, the line shape 

model parameters don’t change enough to bias the temperature measurement by more than 

approximately 15 to 20 K, as it is obvious from the quality of the fits that when 𝜆𝐿,𝑛𝑒𝑤  is 

increased beyond two or three times 𝜆𝐿,𝑜𝑟𝑖𝑔 , the line shape model is no longer 

representative of the true line shape. In addition, at the highest temperatures, the fit is so 

dependent on the hot band Q-branches that changes in the line shape parameters don’t bias 

the temperature fit by more than 5 K. 

3.1.5.3 Nonequilibrium and Unsteady Flow Effects 

Temperatures in the previous section were fit to the measured spectra assuming the 

gas in the measurement volume was in local equilibrium. To check the validity of this 

assumption, two torch conditions shown in Figure 3-18 were re-fit without the assumption 

of equilibrium between the rotational and vibrational temperature and compared to the 

originally calculated equilibrium values. 

 

Figure 3-18. Rotational and vibrational temperature compared to equilibrium temperature 

for 42 kW, 30 slpm plume (left) and 38 kW, 40 slpm plume (right). 
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There are three distinct regions of the plots in Figure 3-18. Outside of the diameter 

of the torch nozzle, sometimes the rotational and vibrational temperatures fit to the same 

value, but when they don’t, the equilibrium fit value tracks the rotational temperature, 

which is lower than the vibrational temperature. Just inside the diameter of the nozzle, 

between 𝑟 = 15 mm and 𝑟 = 8 mm, the equilibrium temperature fit starts to track the 

vibrational temperature. In this region, if there is thermal nonequilibrium, it would be 

expected that the rotational temperature be the lower of the two as it will more quickly 

equilibrate to the temperature of the entrained ambient air. Inside 𝑟 = 8 mm, the rotational 

temperature suddenly switches places with the vibrational temperature and is in some cases 

nearly 1000 K higher.  

We know from looking at the spectrum fit in Figure 3-9 in the previous section that 

the S-branch signal is within the noise in the central region of the plasma jet. This raises 

the question of whether the nonequilibrium seen in these fits is real or if it is a result of 

noise or interference. A difference in the rotational and vibrational temperature can also be 

seen in some of the points well outside the plasma jet where one would not expect to see 

such a degree of nonequilibrium temperature. 

The fits and residuals of four selected measurement points from each of the two 

torch conditions in Figure 3-18 give some insight into the answer to this question. Figure 

3-19 and Figure 3-20 show the fitted spectra for each of the four regions identified in the 

plume for the 30 slpm gas flow condition and 40 slpm gas flow condition, respectively. In 

the higher temperature parts of the plume, shown in Figure 3-19a and Figure 3-19b, the 

noise is approximately Gaussian in nature, but once again, the noise level dwarfs the 

intensity of the S-branch; similarly for Figure 3-20a and Figure 3-20b.  
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In Figure 3-19c, the fit misses some of the Q-branch peaks of the vibrational hot 

bands. This can be seen more clearly in a plot of the residuals given in Figure 3-21c, and 

indicates that the measured spectrum may represent averaging of pockets of hotter gas 

advected through the measurement volume. Such averaging will produce a spectrum that 

cannot be fit to any particular temperature and will produce the effects on the residuals that 

is seen in Figure 3-21c.  
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Figure 3-19. Spectrum fits and residual histograms for four selected points in the 42 kW, 

30 slpm plasma jet: (a) in the center of the plume, (b) in the transition to the shear layer, 

(c) in the shear layer, and (d) outside the plume. 
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Figure 3-20. Spectrum fits and residual histograms for four selected points in the 38 kW, 

40 slpm plasma jet: (a) in the center of the plume, (b) in the transition to the shear layer, 

(c) in the shear layer, and (d) outside the plume. 
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Figure 3-21. Residual plots for 42 kW, 30slpm, (a) to (d), and 38 kW, 40 slpm, (e) to (h), 

for points within the center of the jet, transition to shear layer, shear layer, and outside the 

jet, respectively. 
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To illustrate this, a simulated spectrum was generated from a weighted average of 

simulated spectra at 1500 K (5%), 2000 K (80%), and 3000 K (15%) and adding Gaussian 

noise. The weighted average temperature is 2150 K. However, because Raman scattering 

is proportional to density, this weighted average spectrum temperature is not the same as 

the time averaged temperature at constant pressure. The actual time weighting would be 

3.5% 1500 K, 75% 2000 K, and 21.5% 3000 K for a time average gas temperature of 2197 

K. This simulated spectrum was then fit using both and equilibrium and nonequilibrium 

fitting code, and the resulting fits and residual plots are shown in Figure 3-22. 

The resulting residual plots in Figure 3-22 are very similar to those shown in Figure 

3-21c and Figure 3-21g, with the fit under-predicting the peaks of the Q-branches from 

higher vibrational states, and over-predicting the lower-energy ones. This seems to suggest 

that there is some unsteadiness in the shear layer of the torch that is causing the spectra to 

be somewhat unrepresentative of the true average temperature. The fits to the simulated 

spectrum found an equilibrium temperature of 2158 K, which is within previously 

estimated error of the linear spectrum average temperature of 2150 K, though it is 40 K 

away from the true time-averaged temperature of 2197. A more thorough analysis of the 

effects of temperature fluctuations on the measured nonequilibrium in a flow was 

performed by Reising [93]. The amount of nonequilibrium measured in the shear layer of 

the ICP is low enough that it could be completely explained by spectrum averaging, but in 

order to know for sure, the PDF of the temperature fluctuations in the torch plume would 

need to be measured. 
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Figure 3-22. Simulated average spectrum and resulting equilibrium fit (a) and 

nonequilibrium fit (b) with 80% 2000K gas pockets, 15% 3000K gas pockets, and 5% 1500 

K gas pockets for a spectrum-averaged temperature of 2150 K. 

This analysis of the temperature fits indicates that at least in the shear layer, 

averaging of spectra from pockets of gas at different temperatures advecting through the 

measurement volume might increase the actual error of the measurement to as much as ±40 

K. In the central portion of the plume, the noise floor was too high to be able to get 

meaningful information out of the S-branch, and so the degree of nonequilibrium between 

the vibrational and rotational state populations could not be established through this 

method. 

3.1.6 Temperature Profiles 

Measurements of the plasma temperature across the diameter of the torch plume 

were taken at six torch settings, given in Table 3-2. The measurements were taken at 15 
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mm from the torch nozzle exit. This distance was chosen because it was the closest the 

measurement volume could be to the nozzle before the nozzle itself started to obstruct the 

field of view of the collection optics. 

Table 3-2. Torch conditions for SLRS temperature measurements 

Test # Torch Power Gas Flow Rate 

1 32 kW 25 slpm 

2 42 kW 30 slpm 

3 38 kW 40 slpm 

4 49 kW 30 slpm 

5 53 kW 30 slpm 

 

The resulting temperature profiles of each of these torch conditions measured using 

the SRS technique are shown in Figure 3-23. One of the first things one might notice from 

the charts is the asymmetry in the peak temperature in the plasma jet and the fact that that 

asymmetry moves when the gas flow rate is changed, but seems to be stable with respect 

to changes in the anode voltage. This is consistent with findings discussed in Sections 2.3.5 

and 2.3.7, but it does complicate the determination of other flow parameters like bulk 

enthalpy from these measurements as will be discussed in a following section. 
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Figure 3-23. Temperature measurements from SRS, comparing three different anode 

voltage settings at the same gas flow rate (a), two different flow rates at the same anode 

voltage (b), and showing the lowest anode voltage and gas flow rate (c). 

3.1.7 Flow Enthalpy 

The gas temperature measured by SRS can also be used to calculate the bulk 

enthalpy of the plume if the assumption of local thermodynamic equilibrium is made. This 
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is not an unreasonable assumption, as multiple researchers have found that atmospheric 

pressure air induction plasmas have little to no detectable nonequilibrium [35], [97].  

To calculate a bulk enthalpy value from the temperature measurements, a local 

enthalpy value was calculated from each temperature assuming a static pressure of 1 atm 

using the Chemical Equilibrium with Applications (CEA) program maintained by NASA 

Glenn Research Center [98]. The bulk enthalpy was then calculated from the integral of 

the local enthalpy values. 

Taking the integral of the local enthalpy over the cross sectional area of the plume 

is complicated by the previously noted asymmetry in the temperature distribution within 

the plume. In this case, since the temperature, and therefore local enthalpy, is only known 

along a single line through the center of the plume it was assumed that any asymmetry lay 

only along this line. The line of measurements was then extrapolated to a plane by further 

assuming that isolines of enthalpy are circular. An example of this using the enthalpy 

measurements from Test #2 in Table 3-2 is shown in Figure 3-24. 
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Figure 3-24. Example extrapolation of line of measured enthalpy values to full cross-

sectional plane of plasma plume. 

The bulk enthalpy measurements calculated from SRS measurements can then be 

compared to the bulk enthalpy calculated from a system energy balance as described in 

Section 2.3.2. The result is shown in Figure 3-25. Some difference between the enthalpy 

based on SRS and the enthalpy based on the energy balance is expected since the energy 

balance method does not account for all of the losses in the system. However, as seen in 

the figure, some of the SRS enthalpy measurements are only 50% of the energy balance 

value. This suggests that a significant amount of the enthalpy of the flow is off-axis in a 

direction other than the direction of the line of SRS measurements. 
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Figure 3-25. Comparison of bulk enthalpy values calculated from SRS measurements to 

those calculated from a system energy balance. 

To get an idea of how much of the enthalpy could be missing from the 

measurements due to the hottest part of the plume being off-center, an off-center enthalpy 

field was generated, and a cross-section was taken along the direction of skew and 

perpendicular to the direction of skew. An integral based on extrapolating this cross-

sectional measurement in the same manner as above was compared to the actual integral 

of the enthalpy field, and the result can be seen in Figure 3-26.  
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Figure 3-26. Estimation of the bias error induced by measuring a skewed enthalpy field 

when the skew direction is perpendicular to the measurement axis (top) and parallel to the 

measurement axis (bottom). 

When the hottest part of the plume is off-center by 5 mm perpendicular to the 

measurement axis, extrapolating the integral from the measurement underrepresents the 

actual value by as much as 20%. On the other hand, if the skew is completely parallel to 

the measurement axis, then the extrapolation of the full integral from the data is much more 

accurate. So at best, the bulk enthalpy measurements of the plasma plume using a line of 
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SRS measurements can be considered a lower bound, with the actual value being as much 

as 25% or 30% greater. 

3.1.8 Measurement in Boundary Layer of Water-Cooled Copper Probe 

The single-pass setup was also used to measure the temperature 1 mm from the 

surface of a water-cooled copper Gardon gauge. Even though the probe tip is water-cooled, 

the mounting structure between the probe and the water-cooled sting is not, so the probe 

was only inserted for 30 s at a time and the total integration time of the spectrum capture 

was spread out over 3 probe insertions for a total integration time of 90 s and a total incident 

laser energy of 171 J. The resulting spectrum and fit from this total integration time are 

shown in Figure 3-27. 
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Figure 3-27. Spectrum temperature fit for boundary layer SRS measurement. 

This fit results in a temperature of 5124 K, which is close to the freestream value 

and indicates that most of the temperature change in the boundary layer occurs within 1 

mm of the surface of the probe. 

As can be seen in Figure 3-27, with an exposure of 90 s, the measured spectrum, 

while noisy, fits the theoretical spectrum fairly well, though the magnitude of the residuals 

in the hot bands appear to be slightly correlated to the hot band Q-branch peaks. A 

reduction in the total integration time would be useful in order to measure the temperature 

in a time scale comparable to the ablation time scale of a material test sample. 
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To test the ability to reduce this integration time, each exposure used in the previous 

average is fit individually. The resulting residual histograms of each of these fits are shown 

in Figure 3-28 and the temperature fits are given in Table 3-3. The histograms show that 

the reduction in integration time has the effect of increasing the magnitude of the noise, 

but that the noise remains normally distributed, a good indication that the fit is not biased 

due to something not taken into account in the spectrum model. 

 

 

Figure 3-28. Residual histograms for fit of (a) 90 s composite exposure, (b-d) individual 

30 s exposures. 
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The temperature fits of the 30 s exposures do not differ significantly from the 

temperature fit of the 90 s composite exposure, agreeing within ~50 K. From these 

measurements, it seems that the measurement technique degrades gracefully with 

decreased signal strength, and for a tradeoff of an increased uncertainty in temperature, the 

exposure time can be decreased quite significantly. 

Table 3-3. Temperature fit for individual spectrograph exposures. 

Exposure Temperature 𝜎𝑛𝑜𝑖𝑠𝑒  

90 s Composite 5124 K 3.610-2 

30 s Exposure 1 5091 K 5.210-2 

30 s Exposure 2 5106 K 6.110-2 

30 s Exposure 3 5177 K 6.110-2 

3.2 FUTURE IMPROVEMENTS 

While accurate temperature profiles were successfully acquired within the 

freestream of the ICP jet, several changes could be made in the optical setup to improve 

the quality and speed of the measurements made using this SRS technique. 

3.2.1 Increasing Average Laser Power 

The most obvious improvement that could be made is in the integration time 

required for measurements at the center of the plume. As mentioned previously, since 

spontaneous Raman scattering is a linear process, the integration time required to capture 

sufficient signal is inversely proportional to the average power of the incident laser. In the 

current measurements, the minimum integration time to capture useable signal in the center 
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of the plume was between 30 s and 200 s, with the time required for good signal closer to 

1000 s.  

By increasing the pulse energy of the laser to 330 mJ and increasing the pulse 

repetition rate to 30 Hz, this integration time could be reduced by a factor of 3.8. This 

would reduce the total integration time for noisy, but useable, signal to below 8 s, nearly 

short enough to capture useful data in the boundary layer of an ablating material sample. 

3.3 CONCLUDING REMARKS 

Point temperature measurements in the freestream of the plasma jet were acquired 

under multiple torch power and flow rate settings. The spectrum fits were analyzed for 

discrepancies in the spectral intensity model and for effects of measurement noise to 

estimate the accuracy of the temperature measurements used by this method. Within the 

plasma jet, the measurements were found to be relatively insensitive to the levels of 

background noise present in the measured spectra; the fitting algorithm could find the 

correct temperature of a simulated noisy spectrum within about 5 K as long as multiple 

vibrational hot bands were visible in the spectrum. However, when the determination of 

the fit depended mostly on the rotational lines, the signal to noise ratio was not high enough 

to calculate the temperature this precisely. 

Discrepancies in the temperatures calculated from equilibrium and nonequilibrium 

fitting algorithms suggest that the actual accuracy of the technique as implemented is 

probably somewhat lower than the precision of 5 K would suggest, closer to a total error 

of ± 30 K. 
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Measurements were also successfully taken in the boundary layer of a water-cooled 

copper probe. Analysis of the measurements was performed to determine what changes to 

the apparatus could be made in order to improve future measurements. 
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Chapter 4: Simulated Pyrolysis 

As described in Section 1.3.2.3, pyrolysis is the process of subsurface thermal 

degradation undergone by charring ablative thermal protection materials in the presence of 

extreme incident heat flux. In light of the work discussed in Section 1.3.2.3, a study 

investigating the effect of the flow rate and composition of pyrolysis products through the 

char layer on the temperature and recession rate of the surface of the char layer was 

undertaken. 

The following chapter describes the experimental design and results of simulating 

a pyrolyzing material using gas injection through a porous carbon test sample. 

4.1 TEST OBJECTIVES 

This test campaign aims to investigate the interaction of gaseous pyrolysis 

byproducts with the surface chemistry of a charring ablator by looking at the effect various 

pyrolysis gas mixtures have on the temperature and recession of the outer char surface. 

Many tests have been performed on specific charring ablative materials like PICA and 

Avcoat, but very little investigation has been done on fundamental effects of pyrolysis gas 

on a generic char layer that can be applied not only to existing materials, but employed in 

the development of new materials. To that end, the following objectives are set out for this 

investigation: 

 Determine the relative contribution of boundary layer chemical reactions to the 

effects of transpiration cooling on the surface recession rate. 

 Determine the relevant chemical species in the boundary layer of the sample and 

the effect of their presence on the ablation rate of the char layer. 
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 Develop nondimensional relations for the effect of pyrolysis gas blowing on surface 

temperature and ablation rate of the char layer similar to relations previously found 

[8], [9], [27], [31] for specific materials, but applicable more generally. 

 

To achieve these objectives, the test campaign will simulate the range of expected 

pyrolysis gas injection rates as determined in previous experiments, such as those 

performed by Helber, et al. [82]. The ability to vary the pyrolysis gas formulation and 

injection rates independently of other parameters will allow the generation of empirical 

models that are independent of a specific material.   

4.2 EXPERIMENTAL DESIGN 

The following section describes the design of the test samples and experimental 

apparatus used in the test campaign, as well as the measurement techniques employed and 

their characterization and calibration. 

4.2.1 Test Samples 

The objective of investigating surface ablation rate of a char simulant required some 

material to simulate the char layer of a pyrolyzing material. Initially, a design similar to 

the device used by Uhl, et al. [99] was investigated, which was made of solid graphite with 

a pattern of micro-holes drilled in the stagnation surface to allow expulsion of pyrolysis 

simulant gas into the boundary layer. The design was changed from Uhl’s so that the entire 

surface exposed to the plasma was made of graphite instead of a graphite center within a 

copper outer sleeve. 
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However, after some initial testing, it was determined that a porous carbon material 

would better simulate a char layer than solid graphite with a regular hole pattern. 

FiberForm, a compressed carbon-fiber solid, often used as a precursor to phenolic- or resin-

impregnated materials like PICA, was chosen to serve as the char simulant. 

Use of FiberForm as a simplified char layer simulant in this way has precedent in 

some testing done by Driver, et al. [100], and is supported by measurements made by 

Stackpoole, et al. [101], showing that the outermost layer of char of the PICA forebody 

heat shield from the Stardust mission has nearly the same density as its FiberForm 

precursor, and that the resin content of this char layer was under 10%. 

FiberForm, while suitable for simulating the char layer, is a fairly soft material, and 

is not suitable for forming the seal necessary for ensuring that the pyrolysis gas injected 

into the sample was all expelled through the material surface. Graphite was used as the 

material for the sample base, as it is soft enough to form a good seal with a properly 

designed steel flange and rigid enough to use machine screws for mounting the sample, as 

well as compatible with commercial adhesives used to mount the FiberForm. 

Each sample consisted of two parts: the FiberForm nose cap and the graphite base, 

as pictured in Figure 4-1. The FiberForm nose cap was bonded to the graphite base using 

AREMCO Graphi-Bond 551-RN, a phenolic and graphite-based adhesive formulated for 

minimal off-gassing in high-temperature environments. During assembly, the adhesive was 

carefully applied such that it completely coated the bond surface so that no pyrolysis gas 

simulant could leak around the FiberForm.  
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Figure 4-1. Drawing of FiberForm pyrolysis simulation samples. 

The overall shape of the sample is the same as that of the Gardon gauge and slug 

calorimeter so that the cold wall heat transfer could be directly compared without needing 

a scaling factor. The nose radius was 30 mm and the body diameter was 30 mm, with a 5 

mm corner radius. 

4.2.1.1 Sample Assembly 

To properly bond the FiberForm nose cap to the graphite base, each sample was 

heated in a laboratory oven to 100 °C for 1 hour to bake out any water. Once the samples 

had cooled enough to be handled, the Graphi-Bond was then carefully spread evenly over 

the entire bond surface of both the FiberForm and the graphite base, taking special care to 

keep the bottom surface of the FiberForm (where the pyrolysis gas simulant enters the 

FiberForm) and the top surface (to be exposed to the plasma) completely clean. The 
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FiberForm nose tip was then inserted into the graphite base and the sample was allowed to 

set for 1-2 hours at room temperature. Each sample was then step-cured in the laboratory 

oven at 140 °C for 2 hours, followed by 260 °C for 4 hours, as per manufacturer 

instructions. 

4.2.1.2 Sample Mounting 

The samples were mounted on a stainless steel base plate using six 4-40 machine 

screws. A knife-edge seal was machined into the contact surface of the base plate to prevent 

leakage of pyrolysis gas simulant between the base plate and the sample, and a 1/16 in. 

tube with a Swagelok compression fitting was welded to the back of the base plate for 

injecting the pyrolysis gas simulant. A drawing of the base plate is shown in Figure 4-2. 

 

Figure 4-2. Exploded view of full test sample mounting system. 

Because the graphite was somewhat fragile, mounting the sample onto the base 

plate required gently installing the screws evenly in a star pattern until the gap between the 

sample and the base plate caused by the knife-edge seal closed. The quality of the seal on 

several tests was randomly spot-checked using a soapy water solution to detect leaks. 
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4.2.2 Gas Injection System Design 

The pyrolysis gas simulants chosen for testing were pure argon and a mixture of 

CO₂ and CH₄. To mix the two gases accurately, two Alicat MC series 10 SLPM maximum 

mass flow controllers were used. A diagram of the system in shown in Figure 4-3. One of 

the flow controllers was switched between argon and CH₄, depending on the test, using a 

3-way ball valve. The outputs of the two controllers were then connected to a single line 

with check valves to prevent back-flow. 

 

Figure 4-3. Diagram of pyrolysis gas injection system 

The mass flow controllers were not integrated into the torch control system, and 

were set manually before each test. The line between the flow controllers and the test 

sample was made long enough to allow sufficient mixing of the two gases, and the line was 

purged with the gas mixture for 60 s before setting the controllers to their final mass flow 

value to ensure that the mixture was as pure as possible. 
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4.2.3 Test Program 

The test matrix is shown in Table 4-1. A total of 22 conditions were tested. The 

range of conditions was chosen such that the mass flow rates of pyrolysis gas spanned the 

range of flow rates found by Helber, et al. [82], which were then scaled to the surface area 

of the exposed FiberForm surface on the test samples. All of the samples were tested with 

the torch set at an input power of 38 kW and a 40 slpm mass flow rate of air. These torch 

conditions resulted in a cold wall heat flux of approximately 155 W/cm2. For selected 

conditions, more than one sample was tested in order to gauge run-to-run repeatability. 

Table 4-1. Pyrolysis gas simulant flow rates for each test and the number of samples tested 

at each condition 

  

Pyrolysis gas 

flow rate 

Number of samples 

Ar CO₂/CH₄ CH₄ 

1 mg/s 2 2 1 

2 mg/s 1 1 1 

4 mg/s 1 1 1 

6 mg/s 3 4 1 

10 mg/s 1 1 1 

30 mg/s 2 2 1 

70 mg/s 1 2 1 

0 mg/s 2 

The two simulated pyrolysis gas mixtures tested were argon and a mixture of CO2 

and CH4. Based on calculations by Helber, et al. of the molar composition of pyrolysis 

gases generated from phenolic resin (given in Table 4-2), a ratio of 53.5% CH4 by mass to 
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46.5% CO2 matches the elemental composition of pyrolysis products for approximately a 

50% char yield [82]. The CO2/CH4 mixture (referred to subsequently as CHO) will 

simulate pyrolysis products that chemically react with the boundary layer flow. Argon will 

have the transpiration cooling effect of boundary layer blowing but not the effect of 

boundary layer chemical interaction. Pure methane will have similar chemical reactivity to 

the CHO mixture, but will not introduce extra oxygen atoms into the boundary layer. By 

comparing the effects of the three gases under varying mass flux conditions, the effects of 

chemical reactions between the pyrolysis gas and the boundary layer flow can be separated 

from the transpiration cooling effect of the gas flowing through the simulated char layer. 

Table 4-2. Molar composition of pyrolysis gas for multiple char yields (Helber, et al. [82]) 

Char yield (mass %) C (mol %) H (mol %) O (mol %) 

0 46.2 46.2 7.6 

40 29.1 60.8 10.1 

50 22.9 66.1 11.0 

65 11.5 75.9 12.6 

4.3 TEST MEASUREMENTS 

Several measurements were taken of the samples before, during, and after each test 

to quantify the effect of the pyrolysis gas simulant flow on the samples. The surface profile 

of each sample was measured before and after each test to determine the total surface 

recession. An optical system was used instead of the dial gauge device as the FiberForm is 

too soft to use a physical height gauge without risking crushing the material. The optical 
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profile measurement system is described briefly below and in full in Appendix A. 

Additionally, the mass of each sample was measured before and after each test to determine 

total mass loss.  

During each test, the surface temperature of the sample at the stagnation point was 

measured using the LumaSense IR pyrometer, and a video was captured of both the 

stagnation surface and the side-view of the sample. Using a similar MATLAB image 

processing algorithm to that used by the optical surface profile measurement system, the 

real-time surface recession rate could be calculated. 

4.3.1 Optical Surface Profile Measurement 

The surface profile of the sample before and after the test was measured using an 

optical system consisting of a digital single lens reflex camera with a 200 mm macro lens 

and a mounting stand for the sample that could be rotated in 1 increments. The sample 

was mounted on the stand. A photograph of the sample was then taken, then the sample 

was rotated by 10 and the process was repeated 18 times.  

Each image was then processed to determine the outline of the test sample 

silhouette, and a 3D scan of the sample was reconstructed from these rotated views of the 

sample. A flow chart in Figure 4-4 illustrates the process.  
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Figure 4-4. Diagram of optical profilometer process. 

4.3.2 Surface Temperature 

The surface temperature of the sample is measured throughout the insertion using 

a LumaSense infrared pyrometer. A diagram of the collection optics is shown in Figure 

4-5.  

The pyrometer is connected via fiber-optic cable to a collection optics head that is 

rigidly mounted to the plasma torch. The collection optics have a focal length of 200 mm 

and a collection spot size at the focal length of approximately 3 mm.  

In order to have a clear view of the stagnation surface of the sample, the collection 

beam of the pyrometer is reflected off a gold first-surface mirror with a 97% reflectivity at 

the wavelength detected by the pyrometer. This results in a beam angle with respect to the 

surface normal of the sample of approximately 30°. The mirror is kept cool through contact 
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with the water-cooled plasma chamber nozzle. The temperature calculation is based on an 

assumed emissivity of the FiberForm surface of 0.95, which is consistent with 

measurements made by Stackpoole, et al., of the surface emissivity of room temperature 

PICA char material [101], but does not take into account any possible emissivity variation 

with temperature. 

 

Figure 4-5. Diagram of IR pyrometer collection optics. 

4.3.3 Real-Time Surface Recession 

Real-time surface recession was measured from the side-view video using the same 

Matlab image processing script used for the optical profilometer system. The processing 

script can either use a difference of Gaussians to find the edge of the sample or can use an 
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intensity threshold to find the extents of a given region. In the videos, the nose of the sample 

was the brightest part of the image, and it was found that the most reliable method for 

detecting the sample surface was to use the intensity threshold option.  

A sample of the intensity threshold detection process is shown in Figure 4-6. The 

edge of the sample as detected by the image processing algorithm is highlighted in blue. 

The detected edge is repeated in each frame to show the surface recession. The appropriate 

threshold value for finding the edge of the sample is determined manually. 

 

Figure 4-6. Example frames from side view video showing recession of sample. The edge 

of the sample as detected by the image processing algorithm is highlighted in blue and 

repeated in each frame. 

4.3.4 Boundary Layer Emission Spectroscopy 

For some samples, emission spectroscopy was performed in order to determine the 

distribution of chemical species in the boundary layer of the sample. These measurements 

utilized an OceanOptics HR2000+ USB spectrometer fiber-coupled to collection optics 

focused on the stagnation region of the sample. The collection optics comprise a 20 mm 

focal length lens that couples the light into the fiber and an adjustable iris set to a 1 mm 

aperture for an f-number of 20.  
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The size of the probe volume was measured by manually traversing a point source 

of 670 nm laser light through the field of view and measuring when the 670 nm peak could 

no longer be detected by the spectrometer. The diameter of the probe volume was about 

1.75 mm in diameter based on the full width at half maximum of the intensity profile. The 

plot of the measured intensity vs. position of the source within the field of view is given in 

Figure 4-7. 

 

Figure 4-7. Measured intensity from point source of light at multiple positions within the 

emission spectrograph field of view. 

To acquire a profile of spectral intensity through the boundary layer, the collection 

beam was slowly traversed vertically throughout the duration of the test (with sample 

inserted), starting at the sample surface and moving downward away from the sample 

surface at a steady rate of 10 mm/min. The spectrometer software captured spectral images 

at a rate of 3 frames per second and time-stamped each frame with the system clock of the 

computer. The time stamps on each frame were correlated to the log of the traverse 

position, time stamped with the same system clock. 



 137 

 

An alignment of the probe volume relative to the surface of the sample was 

achieved by first passing an alignment laser through the fiber optic cable in such a way that 

the laser exited through the collection optics and formed a focal spot at the measurement 

location. The sample was then inserted into position and the traverse was adjusted until the 

surface of the sample obscured half of the laser beam emitted from the collection optics. 

The fiber was then disconnected from the laser and connected to the spectrometer.   

4.3.4.1 Correcting for Surface Recession 

During the course of the test, the surface of the sample recedes from its initial 

position, in some tests by as much as 5 mm, requiring an adjustment of the measured 

position of the traverse system in order to calculate the true distance of the measurement 

point from the surface of the sample. 

The correction was calculated by comparing the time stamp of the spectral image 

to the insertion time of the sample and adding the amount of recession based on the average 

recession rate and the time since sample insertion. The average rate can be used with 

minimal additional error because the real time recession is nearly linear as shown by Figure 

4-8, with a standard deviation of 0.028 mm between the instantaneous recession value and 

that calculated from the average recession rate.  
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Figure 4-8. Real time recession data for selected tests (solid lines) compared with a linear 

fit (dotted line). 

The linearity of the instantaneous recession rate also supports the assumption that 

the recession process is self-similar throughout the insertion period, meaning that surface 

recession is equivalent to instrument traversal and the two can be added together. It is worth 

noting that it takes about 2 seconds for the surface to come to temperature and begin 

recessing, and the calculation of the recession correction takes this into account. 
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4.4 TEST RESULTS 

The following section presents the measurements made in the tests and provides 

discussion of some of the interesting trends and relationships immediately apparent in the 

data.  

4.4.1 Surface Temperature and Recession Rate 

Figure 4-9 shows the effect of the composition of the pyrolysis gas simulant on the 

total surface recession of the sample, and some trends are immediately obvious. First, there 

is a dramatic difference in the total recession between the inert pyrolysis gas simulant and 

the chemically reactive ones.  

Below 10 mg/s, the argon shows almost no effect on the recession rate of the sample 

compared to no gas flow at all. The chemically reactive mixtures, on the other hand, 

immediately have an effect on the surface recession even at 1 mg/s, and that effect becomes 

more and more pronounced with increase in flow rate, eventually driving the total recession 

to zero.  
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Figure 4-9. Total surface recession of FiberForm sample relative to mass flow rate of 

pyrolysis gas simulant. 

The surface temperature of the FiberForm relative to the pyrolysis gas flow rate, on 

the other hand, shows the opposite trend with respect to gas composition, though a similar 

trend with respect to the gas flow rate. As seen in Figure 4-10, the surface temperatures for 

the chemically active pyrolysis gas are somewhat higher than those of the inert pyrolysis 

gas, especially for higher flow rates of gas, and the temperatures for the pure methane 

pyrolysis simulant are higher than both the CHO mixture and the inert. These differences 

become more and more pronounced as the flow rate is increased. 
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Figure 4-10. Effect of mass flow rate of pyrolysis gas simulant on the final surface 

temperature of the FiberForm sample. 

For the argon pyrolysis simulant, though the data is more scattered, there is little 

effect on the surface temperature compared to no pyrolysis until above about 10 mg/s of 

gas flow, similar to the trend observed in the surface recession. The CHO mixture shows a 

somewhat similar trend, though the falloff in temperature at higher blowing rates is slower. 

Initially, blowing pure methane generates an increase in the surface temperature of the 

sample at flow rates below 10 mg/s before beginning to decrease at the highest flow rates 

tested and for none of the tests does the final surface temperature fall below that of the no 

pyrolysis baseline. 
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There is one data point of the CHO mixture at 70 mg/s that has a drastically lower 

final surface temperature than all of the other tests. An investigation of the apparent 

anomaly reveals that for this test, a separation bubble appears to have formed around the 

stagnation region of the sample, leaving the surface below much cooler as it is not in direct 

contact with either the hot freestream gases or the chemical reaction region between the 

pyrolysis simulant and the incoming flow. This can be seen in the snapshot from the side 

view video in Figure 4-11. Repeat tests of the same conditions didn’t display this behavior, 

and it is not known why this test did. 

 

Figure 4-11. Snapshot of side view video of the 70 mg/s CHO mixture condition. 

The change in the surface temperature and total recession with mass flow rate seem 

to follow broadly similar trends even though the behavior is very different for different 
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compositions. To see to what extent these two values are correlated, it is instructive to do 

a simple regression of the two variables and look at how well the data fit the trend line. 

Figure 4-12 shows the results of this regression.  

Of the three pyrolysis simulant gases, only argon shows what appears to be a very 

clear correlation between the ultimate surface temperature of the sample and the average 

recession rate. The standard deviation of the residuals for the linear fit shown in Figure 

4-12 is only 4.78%. There is no such clear trend for the CHO mixture and the pure methane, 

with standard deviations of the residuals of the linear fit of 44.5% and 50.8%, respectively, 

and no clear indication of another functional form that might better fit the data.  

 

Figure 4-12. Surface recession rate vs surface temperature of FiberForm pyrolysis 

simulation samples. 
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This failure to find an appropriate regression to relate surface recession to surface 

temperature for the two chemically reactive pyrolysis simulant gases while one could 

seemingly be found for the argon indicates that adding the chemical reactions in the 

boundary layer introduced at least one, possibly more, variables that need to be taken into 

account, and that further analysis of the physics of the problem will be required to 

determine a functional relationship relating all of the relevant variables. 

4.4.2 Boundary Layer Emission Spectroscopy 

The emission spectra in the boundary layer of selected test conditions are analyzed 

in the following section, and are used to provide insight into the nature of the effect of 

chemical reactions in the boundary layer of the sample on the recession rate and surface 

temperature that were observed in Section 4.4.1. 

4.4.2.1 Spectral Line Features 

Some line identification was performed to determine some of the chemical species 

present in the boundary layer flow. Unfortunately, certain expected line systems like CN 

violet (B²Σ+↔X²Σ+) at 257.98 nm, NH (A3Π↔X3Σ) at 336 nm, and OH (A²Σ+↔X²Πi) at 

324.02 nm are not within the spectral range of the current spectroscopy system. However, 

as shown in Figure 4-13, a series of relatively intense emission bands are visible between 

450 nm and 650 nm. With the exception of the Hα line at 656 nm and the 589 nm Na line, 

these emission bands appear to be attributable to the B¹Σ+→A¹Π Ångstrom system of CO 

[102] and the CN red system, A²Πi↔X²Σ+ [103].  

Two broad bands, between 610 nm and 690 nm and 700 nm and 775 nm 

respectively, belong to the N₂ first positive system, B3Πg→A3Σu
+. The potassium doublet 
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at 766 nm and 770 nm is also visible, as are the 777 nm oxygen triplet and the 844 nm 

oxygen triplet. The strong peaks at 850 nm, 854 nm, and 865 nm appear to be electronic 

emission lines of Si I.  

 

Figure 4-13. Comparison of emission spectra at various positions in the boundary layer 

from a 6mg/s test of argon and CHO pyrolysis simulant. 

According to the SDS for Graphi-Bond 551-RN, the adhesive contains < 2% 

crystalline silica, which is probably the source of the silicon seen in the emission spectra, 

as these emission lines are absent in the freestream. Because the Hα line is visible in the 

freestream spectrum as well, it is likely that this is due to water vapor contamination in the 

air plasma. Sodium and potassium appear to be impurities in the FiberForm, or possibly in 

the Graphi-Bond adhesive used to affix the FiberForm to the graphite base, as they emit 

most strongly near the sample, and though they persist very far upstream of the sample, 
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they are completely absent from the freestream spectrum captured without the sample 

inserted.  

4.4.2.2 Variation with Distance from Sample 

A rough idea of how the concentration of a species varies within the boundary layer 

can be visualized using the variation of that species’ emission line. Some selected lines 

proved to be very instructive and are discussed below. 

The first is the 777.4 nm oxygen triplet, shown for three different flow rates of each 

pyrolysis gas simulant in Figure 4-14. The results with no pyrolysis simulant is included in 

each plot for reference. Even at 1 mg/s, pure methane noticeably reduces the intensity of 

the oxygen emission line near the surface of the sample. The surface temperature of the 

sample is approximately the same for all gas mixtures at 1 mg/s, so it is reasonable to 

conclude that this difference in intensity between the methane pyrolysis simulant and the 

others is due in large part to increased depletion of O radicals. 

The 1 mg/s of argon case does seem to break this trend, showing increased O radical 

depletion when the same flow rate of CHO mixture does not. However, this particular case 

was a repeat that was performed on a different day because on the first run the spectrum 

data failed to save correctly, and the spectrograph collection optics had been moved in the 

meantime. While the same alignment procedure was followed, it is possible that the iris 

was set at a slightly different aperture, changing the spatial average of the collected 

spectrum data for that test. 
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Figure 4-14. Traces of emission strength of the O atom 777.4 nm triplet through the 

boundary layer of selected test samples. The “no pyrolysis” case is repeated in all axes for 

comparison. 

As the pyrolysis simulant flow rate is increased, the reduction in the intensity of the 

emission line starts higher in the boundary layer for both the methane and CHO mixture, 

but the argon continues to match the no pyrolysis flow condition. 

The emission strength of the CN and CO lines are also of interest, shown in Figure 

4-15 and Figure 4-16, respectively. As the flow rate of pyrolysis simulant is increased, the 

peak intensity of both the CN and CO emission decrease and move closer to the surface of 

the sample. The most dramatic reduction is seen in the pure methane pyrolysis simulant. 

In some of the traces, the intensity can be seen to peak somewhere between 0.5 mm 

and 2 mm from the surface. This has also been seen in measurements by Martin, et al. 
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[104], though it doesn’t appear consistently in the current data, possibly because 

overexposure of the spectrometer near the surface of the sample cut off the data points 

nearest the surface. This peak indicates that CN and CO are being produced in the boundary 

layer away from the surface of the sample.  

 

 

Figure 4-15. Traces of emission strength of the 526.9 nm line in the CN red band through 

the boundary layer of selected test samples. The “no pyrolysis” case is repeated in all axes 

for comparison. 
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Figure 4-16. Traces of emission strength of the 519.8 nm line in the CO Ångstrom band 

through the boundary layer of selected test samples. The “no pyrolysis” case is repeated in 

all axes for comparison. 

4.5 DISCUSSION 

4.5.1 Effect of Pyrolysis Gas on Recession Rate 

It is clear from the results shown in Section 4.4.1 that the reactivity of the gaseous 

pyrolysis products has a significant impact on the resulting rate of char mass loss. The 

important question is how this effect is realized.  

FiberForm and char products of carbon-reinforced ablators are composed of mostly 

carbon. Carbon erosion in an atmosphere containing oxygen is described by three regimes 

delineated by the surface temperature of the eroding material. The rate-limited regime 
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occurs below a surface temperature of ~1000 K. In this regime, the primary driver of 

surface erosion is a reaction with the surrounding oxygen to form CO, and this reaction is 

limited by the reaction rate. At a surface temperature between 1000 K and about 3000 K, 

the rate of the chemical reaction to form CO becomes high enough that the reaction is 

instead limited by the diffusion rate of oxygen to the surface. Above 3000 K, the carbon 

begins to sublime, and the rate of surface erosion is no longer primarily driven by the 

oxidation reaction. 

The surface temperatures of the FiberForm samples in the current work all fell 

between 1500 K and 2200 K, well within the diffusion-limited oxidative erosion regime. 

This seems to indicate that the most plausible mechanism by which the pyrolysis gases 

limit the char layer erosion is by reducing the diffusion of unreacted oxygen to the surface.  

In the case of an inert diluent gas like argon, this can only be achieved through 

displacement.  

4.5.2 Nondimensional Relations 

In order to apply these results to more general cases, the variables can be non-

dimensionalized using appropriate parameters. As discussed in Section 1.1.3.3, a common 

non-dimensional comparison that is often calculated for charring ablators is the blockage 

factor and the blowing parameter, which describe the effect of the mass flux of ablation 

products on the heat flux to the surface.  

4.5.2.1 Derivation of Parameters 

The blowing factor or blowing parameter, 𝐵′, is calculated from the ratio of the 

mass flux into the boundary layer from the pyrolysis, 𝜙𝑝𝑠 and ablation products 𝜙𝑎𝑏𝑙 to the 
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freestream mass flux, 𝜙∞, given by Equation (4.1). The calculation of 𝜙𝑝𝑠 in the current 

work assumes the mass flow of pyrolysis simulant is evenly distributed across the entire 

exposed area of the fiberform. The blockage factor, ψ, is calculated using Equation (4.2) 

and provides a measure of the effectiveness of the ablation products at reducing the incident 

heat flux to the surface of the material. A lower value of 𝜓 corresponds to a more effective 

blockage of incident heat flux. 

 𝐵′ =
𝜙𝑝𝑠 + 𝜙𝑎𝑏𝑙

𝜙∞
 (4.1) 

 
𝜓 =

𝑞𝑖𝑛

𝑞0,ℎ𝑤
 

(4.2) 

To calculate the 𝜓 the total heat flux into the material surface from the plasma, 𝑞𝑖𝑛, 

must be calculated. This is done using an energy balance on a control volume enclosing 

the surface layer of FiberForm as shown in Figure 4-17, and accounts for the heat 

conduction rate away from the surface into the material, the net heat transfer rate due to 

flow of pyrolysis gas through the control volume, heat convection rate to the surface from 

the plasma, sensible enthalpy generation rate due to combustion reactions occurring on the 

surface of the material, heat transfer rate away from the surface by ablation of the 

FiberForm surface, and heat radiation rate to the environment. 
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Figure 4-17. Energy balance control volume of FiberForm surface. 

The full balance equation is given by Equation (4.3), where 𝑞𝑐𝑜𝑛𝑣 is the convective 

heat flux, 𝑞𝑐𝑜𝑚𝑏 is the heat flux due to combustion reactions on the surface, 𝑞𝑎𝑏𝑙  is the heat 

flux carried away by surface ablation products, 𝑞𝑝𝑔 is the heat flux from the pyrolysis gas, 

𝑞𝑐𝑜𝑛𝑑  is the heat flux conducted into the material, and 𝑞𝑟𝑎𝑑 is the heat flux due to radiative 

transfer from the surface to the surrounding environment. Assuming the control volume 

encompasses only the surface of the material, then the heat transfer rate to the pyrolysis 

gas as it traverses the control volume can be neglected. It is also assumed that the heat 

transfer is 1-D and any transfer parallel with the material surface is negligible. With these 

assumptions, 𝑞𝑖𝑛 is defined as the left side of (4.3). The rest of the terms on the right-hand 

side of (4.3) can be calculated from values measured during each test. 

 𝑞𝑐𝑜𝑛𝑣 + 𝑞𝑐𝑜𝑚𝑏 = 𝑞𝑎𝑏𝑙 + Δ𝑞𝑝𝑔 + 𝑞𝑐𝑜𝑛𝑑 + 𝑞𝑟𝑎𝑑 (4.3) 
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The radiative term, 𝑞𝑟𝑎𝑑, can be calculated using the radiative transfer equation and 

assuming radiation from the plasma in the plume and behind the nozzle in the chamber is 

negligible and the surface radiates to the ambient environment with a view factor of 1. The 

ablation term can be calculated by assuming all of the mass of the ablated carbon is 

transported from the surface in the form of CO in equilibrium with the material surface 

temperature. The ablation term can then be calculated using the following equation with 

𝑀𝑐 and 𝑀𝑂 being the atomic weight of carbon and oxygen respectively and ℎ𝐶𝑂 calculated 

using thermochemical equilibrium. 

 𝑞𝑎𝑏𝑙 = �̇�𝑐 (1 +
𝑀𝑐

𝑀𝑜
) ℎ𝐶𝑂 (4.4) 

Finally, the conduction term can be approximated by assuming 1D heat conduction 

through the thickness of the material, with the backside temperature being approximately 

400 K. The thermal conductivity of FiberForm ranges from 0.21 W/m-K at a temperature 

of 500 K to 1.24 W/m-K at a temperature of 2500 K. Assuming a constant conductivity of 

1 W/m-K for simplicity, the conductive transfer can be calculated using Equation (4.5).  

 𝑞𝑐𝑜𝑛𝑑 = 𝑡𝐹𝐹𝑘𝐹𝐹(𝑇𝑤 − 𝑇𝑏) (4.5) 

The total heat transfer to the surface from the plasma due to the combined effects 

of convection and surface combustion can now be calculated. The hot wall heat transfer 

with no ablation, 𝑞0,ℎ𝑤, is calculated by applying an enthalpy ratio correction factor to the 

measured cold wall heat flux as in Equation (4.6). The freestream enthalpy is calculated 

from the bulk enthalpy and the hot wall and cold wall enthalpies are calculated assuming 

air at thermochemical equilibrium at the measured sample surface temperature and room 

temperature, respectively. 
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 𝑞0,ℎ𝑤 = 𝑞0,𝑐𝑤

ℎ∞ − ℎℎ𝑤

ℎ∞ − ℎ𝑐𝑤
 (4.6) 

4.5.2.2 Nondimensional Relations 

The recession rate can be reformulated into a value more appropriate for 

comparison with the pyrolysis blowing rate and the freestream mass flux by converting it 

to a mass flux of carbon leaving the surface. This is easily done knowing the density of the 

FiberForm and the surface recession rate. Fiber Materials, Inc., quotes the density of 

FiberForm as 190±40 kg/m³. Measurements of the delivered material gave a more precise 

value of 187±17 kg/m³, which was used in the conversion. 

The recession rate versus blowing rate of pyrolysis simulant gas is re-plotted in 

Figure 4-18 as the blowing factor, 𝐵𝑐
′, of char simulant (FiberForm) versus the blowing 

factor, 𝐵𝑝𝑠
′ , of pyrolysis gas simulant, and an exponential relation was fit to the data for 

each pyrolysis gas mixture. The fit constants and RMS residuals are given in Table 4-3.  
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Figure 4-18. Mass flow of carbon into the boundary layer due to ablation vs mass flow of 

pyrolysis simulant. 

Table 4-3. Fit parameters and residuals for exponential fit of 𝐵𝑐
′ and 𝐵𝑝𝑠

′  

Gas 𝛂 𝛃 Res 

Ar 0.0304 ± 0.0010 -5.70 ± 1.63 10% 

CHO 0.0293 ± 0.0018 -28.10 ± 7.04 9% 

CH₄ 0.0272 ± 0.0023 -29.90 ± 11.30 16% 

 

From the FiberForm mass loss values, the blowing parameter can be easily 

calculated and its variation with pyrolysis simulant mass flow is plotted in Figure 4-19, 

along with fit curves calculated from the exponential fits calculated previously. Several 

points about this relationship are worth noting. First, the minimum blowing parameter 

occurs at the minimum pyrolysis gas flow, and for this combination of heat flux and plasma 
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flow rate is approximately 0.03. The argon pyrolysis simulant generates a relatively linear 

relationship between 𝐵′ and 𝐵𝑝𝑠
′  for the range investigated. Presumably as the mass flow 

of pyrolysis simulant is increased further, these lines asymptotically reach a slope of unity 

when the pyrolysis simulant becomes the dominant term in the blowing parameter 

equation. 

The other thing to note is that the chemical reactivity of the pyrolysis simulant 

causes the blowing parameter curve to initially level off, staying at around 0.03 until 𝐵𝑝𝑠
′  

is increased past 0.01. It is also interesting to note that the CH₄ pyrolysis mixture flattens 

out the 𝐵′ curve a little bit more than the CHO mixture does, but asymptotically reaches 

the expected final slope of unity at about the same value of 𝐵𝑝𝑠
′ . 

 

Figure 4-19. Blowing parameter, 𝐵′, variation with the pyrolysis simulant blowing 

parameter, 𝐵𝑝𝑠
′ . 
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The next logical question is how the pyrolysis gas flow affects the amount of heat 

flux reaching the surface of the material. To answer that question, one can look at the 

variation in the blockage factor, 𝜓, previously defined in Equation (4.2). 

To determine the relative blockage effectiveness of each pyrolysis simulant 

mixture, the variation in 𝜓 is plotted against the blowing parameter, 𝐵′, for each pyrolysis 

gas simulant mixture. This variation is plotted in Figure 4-20a-c, and the resulting fits are 

compared in Figure 4-20d. The exponential fit used is the same as that used by Vojvodich 

and Pope [31] to describe phenolic nylon ablation, and is given in Equation (4.7).  

 𝜓 = 𝐶𝑒𝐷𝐵′
+ 1 − 𝐶 (4.7) 

The results are somewhat surprising, with the methane pyrolysis simulant 

generating the highest blockage factors, the CHO mixture generating the lowest, and the 

unreactive argon mixture generating blockage factors between those of the two reactive 

mixtures. One might expect the two reactive mixtures to be on one side or the other of the 

unreactive pyrolysis gas simulant mixture. However, it should also be noted that the 

difference in blockage factor between the three simulant mixtures doesn’t become 

significant until above 𝐵′ ≈ 0.05.  
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Figure 4-20. Exponential fits of blockage factor vs blowing parameter. (a) Argon data only, 

(b) CHO data only, (c) CH₄ data only, and (d) comparison of fit lines. 

This effect of the nonreactive pyrolysis simulant composition is puzzling and needs 

to be explained. The variation in the blockage factor with the percentage of ablation due to 

the pyrolysis gas, shown in Figure 4-21, is closer to what one might expect, with both 
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reactive mixtures providing less heat flux blockage than the nonreactive mixture when they 

compose more than 40% of the ablation product mixture. When the pyrolysis gas composes 

less than 40% of the mixture, the composition of the gas seems to make little difference. It 

is interesting to note that the ratio 𝐵𝑝𝑠
′ /𝐵′ is equal to the complement of the char yield of a 

material undergoing steady-state ablation, allowing the relation in Figure 4-21 to be 

directly converted to a blockage factor vs material char yield. 

 

Figure 4-21. Blockage factor vs the ratio of pyrolysis gas blowing parameter to the total 

blowing parameter. 

While the ratio of the pyrolysis gas blowing parameter to the total blowing 

parameter is much higher for the CHO mixture than for the argon, the total blowing 

parameter is much lower due to the dramatically decreased FiberForm mass loss rate, 

which shifts the CHO mixture points to the left and the argon data points to the right in 
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Figure 4-20 compared to Figure 4-21. This explains the difference between the data in the 

two figures, but does not explain the heat flux blockage behavior of the different pyrolysis 

gas simulant mixtures. 

A partial explanation for the difference can be formulated by looking at the thermal 

diffusivity for the gas mixture one might expect near the surface of the sample given the 

composition of the ablation products. A simulated gas mixture representing a point in the 

boundary layer near the wall was generated for three different values of 𝐵𝑝𝑠
′ /𝐵′ assuming 

25% air and 75% ablation products by mass and a temperature of 2500 K. The calculated 

thermal diffusivity values for these simulated mixtures are given in Table 4-4.  

Table 4-4. Thermal diffusivity of simulated equilibrium gas mixture near surface of sample 

for each pyrolysis gas simulant at a 𝐵𝑝𝑠
′ /𝐵′ of 25%, 50%, and 75%. 

Pyrolysis 
Mixture 

𝐁𝐩𝐬
′ /𝐁′ 

25% 50% 75% 

CHO 26.89 24.04 25.12 

CH4 28.26 31.92 33.71 

Ar 7.71 8.36 8.74 

Another important consideration is the generation of heat within the boundary layer 

through combustion of the ablation products. The more heat generated in the boundary 

layer, the more heat gets transported to the surface of the material. The heat of combustion 

of methane is nearly three times that of carbon monoxide, so as the percentage of methane 

content in the total ablation products goes up, the amount of heat generated from 

combustion in the boundary layer will also go up. This will have the effect of reducing the 

oxygen available at the surface to react with the carbon char, thereby reducing the rate of 

ablation of the char surface and reducing the heat flux to the surface due to surface 
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combustion reactions, 𝑞𝑐𝑜𝑚𝑏. However, the extra heat generated in the boundary layer will 

be transported to the surface, increasing the heat transfer due to convection, and possibly 

making up for the decrease in 𝑞𝑐𝑜𝑚𝑏. Additionally, as noted above, the thermal diffusivity 

of the gas near the surface will also increase slightly, further increasing the transport of the 

combustion energy back to the surface of the sample. This explains why the pure methane 

pyrolysis gas mixture kept the surface temperature of the sample approximately the same 

for every value of 𝐵𝑝𝑠
′  tested, but still had a dramatic effect on the FiberForm mass loss 

rate. 
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Chapter 5: Conclusions 

This work has characterized the operation of a new ICP facility through physical 

probe measurements and optical emission spectroscopy. Spontaneous Raman scattering 

was shown to be feasible in an atmospheric pressure air plasma and was used to obtain 

spatially resolved measurements of the freestream plasma plume temperature. These were 

used as another way to calculate the bulk enthalpy of the plasma. The characterized torch 

was then used to investigate the effect of pyrolysis gas on the recession and heat flux input 

into the surface of a charring ablative material.  

5.1 SUMMARY OF FINDINGS 

The ICP was shown to have a broad range of operating conditions in air, with bulk 

enthalpy values in the range of 6 MJ/kg to 22 MJ/kg and cold wall heat flux values from 

80 W/cm² up to 240 W/cm². Measurements using a small-diameter Gardon gauge, as well 

as observations of the surface recession of Teflon samples showed an asymmetry in the 

plasma plume, with the hottest point of the plume up to 3 mm away from the centerline of 

the nozzle. We found that this asymmetry was caused by asymmetric gas injection into the 

plasma chamber. 

Teflon recession rate data was also compared to historical data from the NASA 

Round Robin test program. Unlike the data from the supersonic facilities, the recession 

data from the Teflon models tested in the UT ICP, as well as tests in a subsonic facility in 

the original paper did not collapse to the same trend using the original scaling parameters 

as described by Hiester and Clarke [9]. However, it was shown that when the stagnation 
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point velocity gradient is used as a scaling parameter for the heat flux, the data from both 

subsonic and supersonic facilities collapses along the same trend line.  

Spontaneous Raman spectroscopy was also demonstrated in the ICP facility, and 

used to measure freestream temperature values in the plasma as well as the temperature 1 

mm from the surface of a copper probe inserted in the plume. Analysis of the spectral curve 

fitting method used to calculate the temperature showed that temperature measurements 

were accurate to within approximately ±30 K. It was also shown that adequately accurate 

temperature measurements could still be obtained from noisy spectral data, as long as the 

noise is approximately Gaussian in nature. 

Finally, the ICP torch was used to investigate an important aspect of charring 

ablative materials that has not been previously investigated in great detail: the effect of the 

composition and flow rate of the gaseous pyrolysis products on the overall performance of 

the material. These effects of pyrolysis gas composition and flow rate on the surface 

temperature and surface recession rate of the carbon char layer of an ablating TPS material 

were investigated by simulating the process by artificially blowing simulated pyrolysis gas 

mixtures through a porous carbon (FiberForm) sample.  

Twenty-two different pyrolysis conditions were simulated, and it was found that 

the pyrolysis gas composition had little effect on the heat flux into the sample when the 

pyrolysis gas made up less than 40% of the total ablation products. This ratio of pyrolysis 

gases to ablation products corresponds to a material with a char yield of 60% in steady-

state ablation.  

The reactive pyrolysis gas simulants, CH₄/CO₂ and pure CH₄, dramatically affected 

the rate of surface recession, with even small amounts of pyrolysis products in the total 
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ablation mass flux. An ablation product composition of only 20% reactive pyrolysis 

products reduced the char mass loss rate by about 16%, and a composition of 50% pyrolysis 

products reduced the char mass loss rate by approximately 45%. The nonreactive pyrolysis 

simulant mixture, pure argon, showed no appreciable reduction in the char mass loss until 

the pyrolysis simulant made up 50% of the total ablation products. The reduction in char 

mass loss rate due to flow of pyrolysis gas is most likely due to a reduction in oxygen 

transport to the surface, and qualitative analysis of the optical emission of O atoms in the 

boundary layer show that for tests with lower char mass loss rates, O atom emission does 

decrease further from the sample surface. 

The overall effect on the absorbed heat flux into the char material surface, however, 

was markedly different. When the amount of pyrolysis gases in the ablation products is 

above 40%, a mixture of 46.5% CO₂ and 53.5% CH₄ by mass decreased the heat flux 

blockage factor more than that of a pyrolysis gas mixture containing only argon, but a 

mixture of pure CH₄ decreased the heat flux blockage factor by less than did argon, 

suggesting that the increase in heat production in the boundary layer and subsequent 

transport to the surface due to combustion of the CH₄ more than made up for the decrease 

in heat flux due to reduction in oxygen transport to the char surface.  

Using the data from these tests the char yield can be related to both the steady-state 

surface recession rates as well as the blockage factor for completely non-reactive pyrolysis 

gases and two types of chemically reactive gases. These insights could be used by designers 

of new TPS materials as a guide for tailoring the char yield and thermal decomposition 

products of the material to decrease the mass loss rate as much as possible while also 

keeping the heat flux to the surface as low as possible. This data set could also be expanded 
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to other heat flux values and freestream flow velocities and used as an empirical model for 

predicting the ablation rate of a carbon-reinforced charring ablator that would be valid for 

a broad range of TPS materials of this type. 

5.2 RECOMMENDATIONS FOR FUTURE WORK 

While the tests presented in this paper show some very useful relationships between 

pyrolysis gas flow rate and the performance of the ablative material, these tests were only 

performed at a single cold wall heat flux value. Future work should involve replications of 

the pyrolysis gas test conditions at multiple values of cold wall heat flux. 

Nondimensionalizing the absorbed heat flux using the blockage factor allows the data to 

be generalized to some extent. However, with the more complete picture that could be 

obtained by gathering similar data at multiple values of cold wall heat flux, a full empirical 

model for carbon-reinforced phenolic-based charring ablative materials could be derived.  

Another current limitation of the data set is that it is only applicable to materials 

which have a char material composed primarily of carbon. This is the case for PICA, as 

well as many other materials which use carbon fiber reinforcement, but many materials 

also include glass fibers or microballoons, which introduce a significant component of 

silica in the char material. Silica has significantly different oxidation and vaporization 

properties, and this may affect the way that reduced oxygen flux to the surface reduces the 

total char mass loss rate. A char material simulant that includes these silica components, 

possibly actual char material from a material like Avcoat obtained by baking the virgin 

material in an inert atmosphere, could be used to determine the effect of char composition 

on the surface recession.  
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In addition to continuation of the work on pyrolysis, further improvements could 

be made to the Raman spectroscopy system that might make it capable of measuring gas 

temperature in a time frame of seconds rather than minutes. Such a reduction in integration 

time would make it possible to make Raman measurements in the boundary layer of an 

ablating sample. First, using a higher-frequency high-pulse energy laser like the Continuum 

Precision II, which has 330 mJ/pulse at 30 Hz, would decrease the capture time by a factor 

of 3 to 4 without changing anything else about the optical system, allowing integration 

times of between 5 and 10 seconds.  

The addition of a multi-pass cell, successfully used to obtain single-shot Raman 

measurements by Reising [93], would allow a further reduction in the integration time. 

However, this gain is not as straightforward. If the laser is making 20 passes through a 

multi-pass cell 600 mm long, the gate on the intensified camera must be open for an extra 

40 ns. This allows more background emission from the plasma to reach the camera sensor, 

eliminating some of the gains in signal-to-background ratio due to the higher number of 

pulses. 
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Appendix A: Surface Profile Measurement Apparatus 

A.1 DIAL INDICATOR PROFILE MEASUREMENT 

The surface profile of some test samples was measured using a dial indicator depth 

probe. The apparatus consisted of a dial indicator with a 0.5 mm radius tip for measuring 

the height of the test sample. The sample itself was then mounted on a 2-axis manual 

traverse mechanism. The position of the traverse system was measured using a separate 

dial indicator gauge for each axis. A photograph of the whole system is shown in Figure 

A-1. 

 

Figure A-1. Photograph of dial gauge profilometer with graphite sample mounted. 
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A.1.1 Design 

The dial indicators used are Starrett models with an accuracy of 0.025 mm, and are 

mounted rigidly in custom-machined cradles. The 2-axis traverse is composed of two 

ThorLabs LT1 single-axis translation stages with a dual-resolution lead screw and 2 in. of 

travel mounted at right angles to each other. A dial indicator provides precision location 

information for each translation stage.  

A mounting adapter is attached to the traverse platform which allows the standard 

test article mounting plate to be quickly, repeatably, and securely mounted beneath the 

measuring dial indicator.  

All of the components are mounted to a 12 in by 18 in aluminum optical breadboard 

so that the apparatus can be easily moved to the most convenient location. 

E.2.1 Usage 

The steps for making a surface recession measurement on a test sample are as 

follows. 

A.1.1.1 Finding the Center Point 

The center point of the test sample is found by inserting the test sample mounting 

plate into the holder with no sample attached. The left, right, top, and bottom extents of the 

mounting plate are determined by moving the traverse along one axis until the 

measurement dial indicator detects the edge of the plate. The center point is then calculated 

from the midpoint of these edges. 
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A.1.1.2 Measuring the Surface Profile 

Using an Excel spreadsheet, the desired measurement grid points are mapped onto 

the surface of the sample based on the location of the center point. Before a test, the sample 

is mounted to the apparatus and the traverse is manually moved to each grid point, and the 

depth gauge is lowered to the surface of the sample to measure the height. Figure A-2 

shows a sample being measured. The measured height is then recorded for that grid point, 

and the process is repeated until all desired grid points have been measured. 

 

Figure A-2. Detail photograph of sample mounted in measurement position. 

After the test, the test sample is not removed from the mounting plate. This allows 

for more repeatable positioning between the before and after measurements. The sample is 

mounted to the traverse, and the same grid points are measured using the same procedure. 
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The surface recession is calculated by subtracting the post-test values for each grid point 

from the pre-test values. 

A.1.2 Uncertainty Determination 

Uncertainty in the profile measurement has four main sources: resolution of the 

indicator, instrument error, repeatability of mounting and positioning, and the flatness of 

the mounting base.  

The resolution and instrument error are prescribed by readout markings and the 

instrument data sheet, respectively. They are 0.0005 in (0.013 mm) and 0.001 in (0.025 

mm). 

The repeatability of the measurement was determined by measuring the surface of 

a sample four separate times, removing the sample and re-installing between each 

measurement. The maximum deviation observed between these measurements was 0.023 

mm, and this is taken to be the repeatability uncertainty of the apparatus. 

The flatness of the mounting adapter was measured using the dial indicator depth 

gauge and was found to be flat to within 0.038 mm. 

From these individual sources of error, the overall uncertainty of the surface profile 

measurement was found to be ± 0.054 mm, and the overall uncertainty of the position of 

the sample traverse to be ± 0.028 mm. 

A.2 OPTICAL PROFILE MEASUREMENT 

The optical profilometer device was used to measure the surface recession of 

samples that were too soft or brittle to be measured using a physical probe.  
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A.2.1.1 Design 

The device consists of a stand that could be rotated in precise 1 increments to 

which the sample was mounted. The mounted sample was then rotated on the stand and a 

photograph was taken every 10 increment using a digital single lens reflex camera with a 

200 mm macro lens. A drawing of the test article mounting stand is given in Figure A-3. 

The stand was mounted on four optical posts such that it could be removed and replaced 

repeatably in order to facilitate the attachment of the test article to the mounting adapter. 

Alignment and calibration of the images was performed using an alignment grid 

image captured before every series of sample images. A sample image of the alignment 

grid is shown in Figure A-4a. The alignment grid is an array of dots at 2 mm intervals. The 

center point dot is printed in red so that it could be detected programmatically by 

subtracting the image’s color channels. A MATLAB script finds the dots and the center 

point in the alignment image and automatically calculates the number of pixels per mm in 

the image as well as any image rotation corrections that might be needed.  

A separate MATLAB script then uses a value threshold algorithm to find the outline 

of the sample in each test sample image. Some selected test sample images are shown in 

Figure A-4b through Figure A-4i. The positions of the pixels in this outline are then 

converted to mm using the conversion value calculated from the alignment grid. The 

rotation angle of the test article is then applied to this outline in order to create a 3D wire 

frame of the test article. From the wire frame, an interpolated top surface is calculated 

which is later subtracted from the interpolated surface of the post-test sample to generate a 

2D surface recession map. The wire frame generated from the sample images in Figure A-4 

is shown in Figure A-5. 
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Figure A-3. Test article rotation stand. 
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Figure A-4. Sample images of test articles. a) alignment grid, b) through i) sample images 

at 20 increments of rotation. 
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Figure A-5. Sample wire frame and interpolated top surface of sample picture in Figure 

A-4. 

A.2.2 Error Analysis 

There are several sources of error and uncertainty in this measurement technique, 

and the calculation of the wire frame from the image outlines makes certain implicit 

assumptions that are worth pointing out. 

A.2.2.1 Assumptions 

The main assumption that needs to be made is that the outline seen by the camera 

is equal to the outline of the cross-section of the sample along a plane parallel to the 

camera’s imaging plane. There are two related assumptions that are entailed by this 

requirement. 
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The first is that camera is not “horizon limited” and is far enough away from the 

sample that the apparent horizon is equal to the cross-section of the image. The magnitude 

of the error introduced by this assumption is inversely proportional to the ratio of the 

diameter of the sample to the distance from the sample to the camera. By using a 200 mm 

lens and placing the sample ~90 cm from the camera, this error is minimized. The error is 

also proportional to the distance of the apparent horizon from the center point of the image. 

To further minimize the effect of this error on the calculation of the surface recession, the 

sample was framed in the image such that the stagnation surface was close to the center 

point of the image. 

The second assumption is that the cross-section of the sample varies slowly with 

rotation angle such that the apparent horizon as seen by the camera is coincident with the 

mid-plane of the sample. A diagram illustrating the measurement error on a sample which 

conforms to this assumption and one which breaks this assumption is given in Figure A-6. 

For the cylindrical rounded nose test samples considered in the current work, this 

assumption holds. Though some artifacts caused by small protrusions from the surface of 

some samples were noted, these did not significantly affect the overall measurement. 
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Figure A-6. Illustration of apparent horizon error on an object with discontinuous changes 

in surface radius, a square (left), compared to an object with smooth gradual changes in 

surface radius, an oval (right). 

A.2.2.2 Error Due to Apparent Horizon 

The maximum error due to apparent horizon is calculated assuming a cylindrical 

test sample with a rounded stagnation surface with the stagnation surface located as close 

to the center point of the image as possible, such that the maximum error occurs at the outer 

radius of the sample. In this case, the line of sight of the camera can be represented as line 

b in the diagram in Figure A-7. By complementary angles, 𝛽 = 𝜃 = sin−1 𝑟

𝑎
. Then 𝛿 can 

be shown to be given by Equation (A.1). For a test model radius of 30 mm and a distance 

between the camera and the sample of 90 cm, the maximum error expected to be introduced 

due to this assumption is 0.016 mm.  
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 𝛿 = 𝑟 (1 − √1 −
𝑟2

𝑑2
) (A.1) 

 

 

Figure A-7. Calculation of apparent horizon error. 

A.2.2.3 Resolution Error 

The other major source of error in the calculation of the position of the edge of the 

test sample is due to uncertainty in what to define as the “edge” of the sample in the image. 

As shown in the plot in Figure A-8, the edge between the dark and light pixels is actually 

spread over 4-5 pixels, introducing uncertainty in what is defined as the edge of the sample.  

The amount of uncertainty introduced into the final position measurement is 

calculated from the pixel calibration constant, which is typically between 40 and 50 

pixels/mm. This introduces an error in the measurement of about ± 0.063 mm.  
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This can be mitigated by photographing the before and after images of the sample 

in the same lighting conditions so the same threshold value can be used. In this way, the 

error in the position will be the same for the before and after images, decreasing the 

uncertainty in their difference. This makes the recession measurement more precise, on the 

order of ± 1px or ± 0.025 mm. 

 

 

Figure A-8. Variation in pixel luminosity values across edge of sample in profilometer 

image. 
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Appendix B: FiberForm Sample Photographs 

Photographs and video still frames of the FiberForm test samples during and after 

testing are provided here to supplement the information in Chapter 4. 

B.1 POST-TEST PHOTOGRAPHS 

 

Figure B-1. Post test sample, no pyrolysis flow. 
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Figure B-2. Post test sample, 1 mg/s pyrolysis flow 

 

Figure B-3. Post test sample, 2 mg/s pyrolysis flow. 
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Figure B-4. Post test sample, 4 mg/s pyrolysis flow. 

 

Figure B-5. Post test sample, 6 mg/s pyrolysis flow. 
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Figure B-6. Post test sample, 10 mg/s pyrolysis flow. 

 

Figure B-7. Post test sample, 30 mg/s pyrolysis flow. 
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Figure B-8. Post test sample, 70 mg/s pyrolysis flow. 

B.2 STAGNATION POINT VIEW DURING TEST 

The following figures show image sequences from selected videos of the stagnation 

point of the sample during test. Stagnation point videos were only captured for the argon 

and CH₄/CO₂ pyrolysis gas mixtures, and 5 of those tests are shown here. 

 

Figure B-9. Stagnation surface video still frame sequence, no pyrolysis flow. 
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Figure B-10. Stagnation surface video still frame sequence, 6 mg/s of argon. 

 

Figure B-11. Stagnation surface video still frame sequence, 6 mg/s of CH₄/CO₂. 
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Figure B-12. Stagnation surface video still frame sequence, 30 mg/s of argon. 

 

Figure B-13. Stagnation surface video still frame sequence, 30 mg/s of CH₄/CO₂. 

B.3 SIDE VIEW VIDEO DURING TEST 

The side view video shows the surface recession throughout the test, and some of 

the luminescence in the boundary layer. In many of the images, the luminescence is not 

easily discernable because the video was exposed for the much brighter sample surface. 
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Figure B-14. Side view video still frame sequence, no pyrolysis. 

 

Figure B-15. Side view video still frame sequence, 1 mg/s of argon. 

 

Figure B-16. Side view video still frame sequence, 1 mg/s of CH₄/CO₂. 

 

Figure B-17. Side view video still frame sequence, 1 mg/s of CH₄. 

 

Figure B-18. Side view vide still frame sequence, 6 mg/s of argon. 
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Figure B-19. Side view video still frame sequence, 6 mg/s of CH₄/CO₂. 

 

Figure B-20. Side view video still frame sequence, 6 mg/s of CH₄. 

 

Figure B-21. Side view video still frame sequence, 30 mg/s of argon. 

 

Figure B-22. Side view video still frame sequence, 30 mg/s of CH₄/CO₂. 

 

Figure B-23. Side view video still frame sequence, 30 mg/s of CH₄. 
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Appendix C: Raw Torch Characterization Data 

The following table contains the raw torch characterization measurements used to 

generate the plots in Chapter 2, Sections 2.3.1 to 2.3.3, and is provided in order to facilitate 

further analysis of the torch characterization by future researchers. 

Table C-1. Raw measurements of cold wall heat flux and associated torch voltage, power, 

and test gas flow rate. 

𝑽𝒂𝒏𝒐𝒅𝒆 
(kV) 

�̇�𝒂𝒊𝒓 
(SLPM) 

𝑷𝒊𝒏 
(kW) 

𝑷𝒑𝒍𝒂𝒔𝒎𝒂 

(kW) 

𝒒𝟎,𝒄𝒘 
(W/cm2) 

Instrument Instrument 
Position (mm) 

10.0 25 40.5 6.8 71 Gardon Gauge 60 

10.4 25 45.9 8.9 78 Gardon Gauge 60 

10.9 25 51.1 9.0 85 Gardon Gauge 60 

11.6 25 57.4 10.0 90 Gardon Gauge 60 

11.4 25 56.3 8.8 89 Gardon Gauge 60 

10.0 25 38.4 6.5 82 Gardon Gauge 60 

10.0 25 38.4 6.5 113 Gardon Gauge 60 

10.4 25 44.0 9.1 127 Gardon Gauge 60 

9.4 20 36.2 4.4 88 Gardon Gauge 60 

10.0 25 40.0 8.0 119 Gardon Gauge 60 

10.0 30 35.7 10.3 123 Gardon Gauge 60 

10.0 35 33.6 7.5 123 Gardon Gauge 60 

10.0 40 30.8 8.2 109 Gardon Gauge 60 

10.4 20 47.4 8.4 109 Gardon Gauge 60 

10.5 20 47.4 8.2 112 Gardon Gauge 60 

10.5 25 45.4 9.3 132 Gardon Gauge 60 

10.4 30 42.5 10.0 145 Gardon Gauge 60 

10.4 30 42.7 9.2 147 Gardon Gauge 60 

10.4 30 42.7 8.8 150 Gardon Gauge 60 

10.4 35 39.0 11.7 146 Gardon Gauge 60 

10.4 35 38.8 11.3 144 Gardon Gauge 60 

10.4 40 37.9 10.5 143 Gardon Gauge 60 

10.4 40 37.8 10.4 143 Gardon Gauge 60 

10.4 45 37.0 9.7 137 Gardon Gauge 60 
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𝑽𝒂𝒏𝒐𝒅𝒆 
(kV) 

�̇�𝒂𝒊𝒓 
(SLPM) 

𝑷𝒊𝒏 
(kW) 

𝑷𝒑𝒍𝒂𝒔𝒎𝒂 

(kW) 

𝒒𝟎,𝒄𝒘 
(W/cm2) 

Instrument Instrument 
Position (mm) 

10.5 45 37.1 9.7 135 Gardon Gauge 60 

10.9 20 52.2 6.5 115 Gardon Gauge 60 

10.9 20 52.2 6.6 117 Gardon Gauge 60 

10.9 20 52.1 6.7 111 Gardon Gauge 60 

10.9 20 52.2 7.2 118 Gardon Gauge 60 

10.9 25 50.5 9.0 148 Gardon Gauge 60 

10.9 25 50.5 8.4 147 Gardon Gauge 60 

10.9 30 47.7 9.5 161 Gardon Gauge 60 

10.9 30 47.5 8.7 159 Gardon Gauge 60 

10.9 35 44.2 13.1 163 Gardon Gauge 60 

10.9 35 44.2 12.8 164 Gardon Gauge 60 

10.9 35 44.2 12.8 163 Gardon Gauge 60 

11.0 35 45.1 10.6 168 Gardon Gauge 60 

10.9 40 41.7 13.9 160 Gardon Gauge 60 

10.9 40 41.8 13.7 161 Gardon Gauge 60 

11.0 45 41.6 13.8 157 Gardon Gauge 60 

11.0 45 41.6 13.8 157 Gardon Gauge 60 

10.9 50 40.5 12.5 147 Gardon Gauge 60 

11.0 50 41.4 13.6 152 Gardon Gauge 60 

11.0 55 39.2 11.8 141 Gardon Gauge 60 

11.0 55 39.3 11.4 139 Gardon Gauge 60 

11.5 20 58.0 8.7 125 Gardon Gauge 60 

11.5 20 58.0 8.7 127 Gardon Gauge 60 

11.4 25 56.5 10.9 154 Gardon Gauge 60 

11.4 25 56.4 11.0 157 Gardon Gauge 60 

11.4 30 52.7 10.8 171 Gardon Gauge 60 

11.4 30 52.7 10.9 172 Gardon Gauge 60 

11.4 30 52.7 11.0 170 Gardon Gauge 60 

11.4 35 49.6 11.3 181 Gardon Gauge 60 

11.4 35 49.5 10.9 178 Gardon Gauge 60 

11.4 40 46.0 14.7 176 Gardon Gauge 60 

11.4 40 45.9 14.1 180 Gardon Gauge 60 

11.4 40 46.9 15.2 185 Gardon Gauge 60 

11.4 40 46.9 15.5 179 Gardon Gauge 60 

11.5 45 45.5 14.7 174 Gardon Gauge 60 

11.5 45 45.5 14.4 173 Gardon Gauge 60 
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𝑽𝒂𝒏𝒐𝒅𝒆 
(kV) 

�̇�𝒂𝒊𝒓 
(SLPM) 

𝑷𝒊𝒏 
(kW) 

𝑷𝒑𝒍𝒂𝒔𝒎𝒂 

(kW) 

𝒒𝟎,𝒄𝒘 
(W/cm2) 

Instrument Instrument 
Position (mm) 

11.5 50 44.2 15.1 156 Gardon Gauge 60 

11.4 50 44.2 16.2 159 Gardon Gauge 60 

11.5 50 44.2 16.4 158 Gardon Gauge 60 

11.5 55 42.4 14.7 155 Gardon Gauge 60 

11.5 60 40.8 12.9 144 Gardon Gauge 60 

11.5 60 40.9 13.1 145 Gardon Gauge 60 

11.8 20 62.3 10.2 128 Gardon Gauge 60 

11.8 25 61.6 8.9 163 Gardon Gauge 60 

11.9 30 59.6 10.9 188 Gardon Gauge 60 

11.8 30 59.5 10.7 190 Gardon Gauge 60 

11.8 35 56.8 11.6 206 Gardon Gauge 60 

11.8 35 56.8 11.2 206 Gardon Gauge 60 

11.8 40 54.1 15.5 213 Gardon Gauge 60 

11.8 40 53.9 15.3 214 Gardon Gauge 60 

11.8 45 52.5 14.1 216 Gardon Gauge 60 

11.8 45 52.3 14.1 215 Gardon Gauge 60 

11.8 50 51.0 16.2 207 Gardon Gauge 60 

11.8 50 50.9 16.5 205 Gardon Gauge 60 

11.8 55 49.7 14.9 187 Gardon Gauge 60 

11.8 55 49.6 15.2 184 Gardon Gauge 60 

11.8 60 49.9 15.3 173 Gardon Gauge 60 

11.9 60 49.7 15.3 173 Gardon Gauge 60 

11.9 65 48.4 17.3 194 Gardon Gauge 60 

11.9 65 48.5 17.3 171 Gardon Gauge 60 

12.0 70 47.0 15.5 181 Gardon Gauge 60 

11.4 35 49.2 14.7 156 Gardon Gauge 90 

11.4 40 46.5 11.7 162 Gardon Gauge 90 

11.4 40 46.3 15.3 161 Gardon Gauge 90 

11.5 45 46.0 15.0 161 Gardon Gauge 90 

11.5 45 45.9 14.9 161 Gardon Gauge 90 

11.4 50 43.9 15.7 141 Gardon Gauge 90 

11.5 55 42.6 17.2 120 Gardon Gauge 90 

11.5 55 42.6 15.1 129 Gardon Gauge 90 

11.4 55 42.0 18.2 115 Gardon Gauge 90 

11.4 55 41.9 18.1 127 Gardon Gauge 90 

11.9 20 60.7 12.4 100 Gardon Gauge 90 
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𝑽𝒂𝒏𝒐𝒅𝒆 
(kV) 

�̇�𝒂𝒊𝒓 
(SLPM) 

𝑷𝒊𝒏 
(kW) 

𝑷𝒑𝒍𝒂𝒔𝒎𝒂 

(kW) 

𝒒𝟎,𝒄𝒘 
(W/cm2) 

Instrument Instrument 
Position (mm) 

11.8 20 60.6 12.4 104 Gardon Gauge 90 

11.8 25 59.1 10.7 130 Gardon Gauge 90 

11.8 25 59.0 11.5 130 Gardon Gauge 90 

11.8 30 57.2 13.4 152 Gardon Gauge 90 

11.8 30 57.3 12.4 147 Gardon Gauge 90 

11.8 35 54.1 16.0 168 Gardon Gauge 90 

11.8 40 52.1 15.4 192 Gardon Gauge 90 

11.8 40 52.0 17.5 192 Gardon Gauge 90 

11.8 45 50.2 16.0 188 Gardon Gauge 90 

11.8 45 50.1 17.4 193 Gardon Gauge 90 

11.8 50 49.1 18.6 173 Gardon Gauge 90 

11.8 50 49.0 18.0 177 Gardon Gauge 90 

11.8 55 47.5 16.3 144 Gardon Gauge 90 

11.8 55 47.4 16.4 143 Gardon Gauge 90 

11.8 60 45.9 15.6 136 Gardon Gauge 90 

11.8 60 45.9 15.2 138 Gardon Gauge 90 

9.5 25 34.0 6.6 110 Gardon Gauge 60 

9.5 25 33.7 6.4 111 Gardon Gauge 60 

9.5 30 29.8 9.4 109 Gardon Gauge 60 

9.5 30 29.7 9.1 112 Gardon Gauge 60 

10.0 20 42.8 8.7 107 Gardon Gauge 60 

10.0 20 42.8 8.5 107 Gardon Gauge 60 

10.0 25 40.0 9.1 128 Gardon Gauge 60 

10.0 30 36.1 8.7 131 Gardon Gauge 60 

10.4 45 37.2 13.3 143 Gardon Gauge 60 

9.5 20 37.7 7.0 114 Gardon Gauge 30 

9.5 20 37.5 6.8 115 Gardon Gauge 30 

9.5 25 33.2 8.3 122 Gardon Gauge 30 

9.5 25 33.1 9.3 124 Gardon Gauge 30 

9.5 30 30.4 6.6 122 Gardon Gauge 30 

9.5 30 30.3 6.5 124 Gardon Gauge 30 

10.0 20 42.6 9.0 126 Gardon Gauge 30 

10.0 25 40.4 9.6 148 Gardon Gauge 30 

10.0 25 40.5 10.2 146 Gardon Gauge 30 

10.0 30 35.7 8.6 139 Gardon Gauge 30 

10.0 30 35.8 8.5 140 Gardon Gauge 30 
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𝑽𝒂𝒏𝒐𝒅𝒆 
(kV) 

�̇�𝒂𝒊𝒓 
(SLPM) 

𝑷𝒊𝒏 
(kW) 

𝑷𝒑𝒍𝒂𝒔𝒎𝒂 

(kW) 

𝒒𝟎,𝒄𝒘 
(W/cm2) 

Instrument Instrument 
Position (mm) 

10.0 30 35.7 8.8 144 Gardon Gauge 30 

10.0 35 34.6 10.8 142 Gardon Gauge 30 

10.0 35 34.6 10.9 142 Gardon Gauge 30 

10.0 35 34.6 11.0 142 Gardon Gauge 30 

10.0 40 32.9 8.0 140 Gardon Gauge 30 

10.0 40 32.9 9.3 142 Gardon Gauge 30 

10.4 20 47.6 5.9 134 Gardon Gauge 30 

10.4 20 47.5 7.1 136 Gardon Gauge 30 

10.4 20 47.5 6.3 137 Gardon Gauge 30 

10.4 20 47.4 6.5 137 Gardon Gauge 30 

10.4 25 45.3 5.8 157 Gardon Gauge 30 

10.4 25 45.3 4.3 157 Gardon Gauge 30 

10.4 30 42.6 9.3 169 Gardon Gauge 30 

10.4 30 42.5 10.2 172 Gardon Gauge 30 

10.4 35 38.9 8.8 164 Gardon Gauge 30 

10.4 35 39.0 9.9 164 Gardon Gauge 30 

10.4 40 38.1 7.9 164 Gardon Gauge 30 

10.4 40 37.9 7.3 170 Gardon Gauge 30 

10.5 45 37.9 11.0 162 Gardon Gauge 30 

10.5 50 35.8 8.7 140 Gardon Gauge 30 

10.6 50 35.7 8.8 141 Gardon Gauge 30 

10.9 20 52.6 5.7 144 Gardon Gauge 30 

10.9 20 52.6 5.2 147 Gardon Gauge 30 

11.0 25 51.6 7.5 171 Gardon Gauge 30 

11.0 25 51.6 7.7 172 Gardon Gauge 30 

11.0 30 49.2 8.9 188 Gardon Gauge 30 

11.0 30 49.1 8.6 189 Gardon Gauge 30 

10.9 30 49.0 8.3 193 Gardon Gauge 30 

10.9 35 45.7 9.2 193 Gardon Gauge 30 

10.9 35 45.7 9.2 198 Gardon Gauge 30 

10.9 40 44.1 11.3 200 Gardon Gauge 30 

10.9 40 44.0 10.7 206 Gardon Gauge 30 

10.9 45 42.8 9.7 193 Gardon Gauge 30 

10.9 45 42.8 10.0 199 Gardon Gauge 30 

10.9 50 41.2 11.6 176 Gardon Gauge 30 

10.9 50 41.2 11.4 175 Gardon Gauge 30 
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𝑽𝒂𝒏𝒐𝒅𝒆 
(kV) 

�̇�𝒂𝒊𝒓 
(SLPM) 

𝑷𝒊𝒏 
(kW) 

𝑷𝒑𝒍𝒂𝒔𝒎𝒂 

(kW) 

𝒒𝟎,𝒄𝒘 
(W/cm2) 

Instrument Instrument 
Position (mm) 

11.0 55 39.7 13.2 162 Gardon Gauge 30 

11.0 55 39.7 13.0 150 Gardon Gauge 30 

11.4 20 56.6 6.4 157 Gardon Gauge 30 

11.4 20 56.6 6.3 153 Gardon Gauge 30 

11.4 25 55.7 9.3 186 Gardon Gauge 30 

11.4 25 55.6 8.9 182 Gardon Gauge 30 

11.4 30 53.7 10.2 204 Gardon Gauge 30 

11.5 30 53.6 11.2 204 Gardon Gauge 30 

11.4 35 50.3 11.1 211 Gardon Gauge 30 

11.4 35 50.2 10.7 213 Gardon Gauge 30 

11.5 45 47.0 13.5 211 Gardon Gauge 30 

11.4 45 47.0 13.8 210 Gardon Gauge 30 

11.4 45 47.0 13.5 209 Gardon Gauge 30 

11.4 35 51.0 12.2 214 Gardon Gauge 30 

11.4 40 47.6 11.5 212 Gardon Gauge 30 

11.4 40 47.6 13.1 213 Gardon Gauge 30 

11.4 45 47.1 15.1 209 Gardon Gauge 30 

11.4 45 47.0 12.9 209 Gardon Gauge 30 

11.4 50 45.7 12.1 197 Gardon Gauge 30 

11.5 50 45.8 12.5 201 Gardon Gauge 30 

11.4 55 44.2 14.2 174 Gardon Gauge 30 

11.4 55 44.3 14.4 176 Gardon Gauge 30 

11.5 60 42.8 12.7 167 Gardon Gauge 30 

11.5 60 42.8 12.8 166 Gardon Gauge 30 

11.5 60 42.8 12.9 170 Gardon Gauge 30 

11.9 20 61.7 7.9 168 Gardon Gauge 30 

11.9 20 61.8 7.4 163 Gardon Gauge 30 

11.9 25 60.9 10.4 194 Gardon Gauge 30 

11.9 25 60.8 12.5 195 Gardon Gauge 30 

11.8 30 58.4 11.1 216 Gardon Gauge 30 

11.8 30 58.3 10.6 221 Gardon Gauge 30 

11.8 35 55.8 12.2 229 Gardon Gauge 30 

11.8 35 55.9 12.1 230 Gardon Gauge 30 

11.8 40 53.2 13.0 238 Gardon Gauge 30 

11.7 40 53.1 12.4 243 Gardon Gauge 30 

11.8 45 51.8 14.9 250 Gardon Gauge 30 
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𝑽𝒂𝒏𝒐𝒅𝒆 
(kV) 

�̇�𝒂𝒊𝒓 
(SLPM) 

𝑷𝒊𝒏 
(kW) 

𝑷𝒑𝒍𝒂𝒔𝒎𝒂 

(kW) 

𝒒𝟎,𝒄𝒘 
(W/cm2) 

Instrument Instrument 
Position (mm) 

11.8 45 51.6 14.8 246 Gardon Gauge 30 

11.8 50 51.0 16.9 242 Gardon Gauge 30 

11.8 50 51.0 17.1 239 Gardon Gauge 30 

11.8 55 49.6 15.3 212 Gardon Gauge 30 

11.8 55 49.6 16.5 210 Gardon Gauge 30 

11.9 60 48.2 14.4 193 Gardon Gauge 30 

11.9 60 48.4 15.9 189 Gardon Gauge 30 

12.0 65 47.0 16.3 185 Gardon Gauge 30 

10.4 30 41.9 10.0 154 Gardon Gauge 60 

10.4 30 41.8 9.5 151 Gardon Gauge 60 

10.4 30 42.0 9.8 148 Gardon Gauge 60 

10.4 30 42.0 9.3 148 Gardon Gauge 60 

10.4 30 41.9 9.3 153 Gardon Gauge 60 

10.9 40 42.1 10.0 177 Gardon Gauge 60 

10.8 40 41.8 11.2 182 Gardon Gauge 60 

9.5 30 29.1 3.6 112 Gardon Gauge 60 

9.5 30 28.9 5.5 120 Gardon Gauge 60 

11.4 40 46.9 15.8 198 Gardon Gauge 60 

11.4 40 46.7 15.6 196 Gardon Gauge 60 

10.5 30 41.4 9.9 5 Gardon Gauge 60 

11.4 40 45.9 13.8 191 Gardon Gauge 60 

11.4 40 45.8 13.5 198 Gardon Gauge 60 

11.4 40 49.3 14.2 195 Gardon Gauge 30 

11.5 40 49.2 14.1 194 Gardon Gauge 30 

11.5 40 48.9 13.9 190 Gardon Gauge 30 

11.4 40 50.5 13.2 197 Gardon Gauge 30 

11.4 40 50.4 13.1 201 Gardon Gauge 30 

9.6 20 40.0 6.0 85 Gardon Gauge 60 

9.5 25 38.1 4.4 99 Gardon Gauge 60 

9.5 30 33.5 5.9 93 Gardon Gauge 60 

10.0 20 43.9 4.0 89 Gardon Gauge 60 

10.0 25 43.5 5.6 111 Gardon Gauge 60 

10.0 30 38.4 6.7 105 Gardon Gauge 60 

9.9 35 34.5 6.4 106 Gardon Gauge 60 

10.0 40 32.6 7.7 114 Gardon Gauge 60 

10.5 20 48.8 4.4 97 Gardon Gauge 60 
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𝑽𝒂𝒏𝒐𝒅𝒆 
(kV) 

�̇�𝒂𝒊𝒓 
(SLPM) 

𝑷𝒊𝒏 
(kW) 

𝑷𝒑𝒍𝒂𝒔𝒎𝒂 

(kW) 

𝒒𝟎,𝒄𝒘 
(W/cm2) 

Instrument Instrument 
Position (mm) 

10.5 25 48.2 7.0 118 Gardon Gauge 60 

10.4 30 44.4 8.0 116 Gardon Gauge 60 

10.4 35 40.7 9.0 121 Gardon Gauge 60 

10.5 40 38.0 9.9 124 Gardon Gauge 60 

11.0 25 53.2 9.3 126 Gardon Gauge 60 

10.9 30 50.7 9.9 133 Gardon Gauge 60 

10.9 35 46.1 11.3 132 Gardon Gauge 60 

10.9 40 43.1 11.5 137 Gardon Gauge 60 

11.0 45 40.4 11.9 140 Gardon Gauge 60 

11.5 25 58.0 7.3 132 Gardon Gauge 60 

11.4 30 56.2 8.8 145 Gardon Gauge 60 

11.5 35.015 52.7 11.7 146 Gardon Gauge 60 

11.6 40.02 50.8 13.2 154 Gardon Gauge 60 

11.4 45 45.3 10.2 151 Gardon Gauge 60 

11.9 30 61.4 10.8 157 Gardon Gauge 60 

11.8 35.032 56.9 13.0 154 Gardon Gauge 60 

11.8 40 53.0 12.1 160 Gardon Gauge 60 

11.8 45 50.0 12.3 164 Gardon Gauge 60 

11.9 50 46.6 12.9 161 Gardon Gauge 60 

11.5 30 53.5 11.5 107 Gardon Gauge 60 

11.8 30 57.2 11.9 122 Gardon Gauge 60 

6.4 28.274 26.9 0.3 74 Gardon Gauge 60 

10.6 30 47.3 9.3 120 Gardon Gauge 60 

11.0 30 50.4 9.8 131 Gardon Gauge 60 

10.9 30 50.2 7.5 136 Gardon Gauge 60 

10.9 30 50.3 7.8 138 Gardon Gauge 60 

10.9 30 50.1 10.3 118 Gardon Gauge 60 

11.6 30 58.6 11.5 151 Gardon Gauge 60 

11.8 30 60.3 7.6 157 Gardon Gauge 60 

11.8 30 60.3 8.0 151 Gardon Gauge 60 

7.6 25.3 32.4 0.3 93 Gardon Gauge 60 

9.9 30 33.5 7.1 111 Gardon Gauge 60 

10.9 30 47.8 11.5 152 Gardon Gauge 60 

11.4 30 54.6 11.8 175 Gardon Gauge 60 

8.6 26.761 35.4 2.3 126 Gardon Gauge 60 

10.9 30 48.0 7.1 119 Gardon Gauge 60 
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𝑽𝒂𝒏𝒐𝒅𝒆 
(kV) 

�̇�𝒂𝒊𝒓 
(SLPM) 

𝑷𝒊𝒏 
(kW) 

𝑷𝒑𝒍𝒂𝒔𝒎𝒂 

(kW) 

𝒒𝟎,𝒄𝒘 
(W/cm2) 

Instrument Instrument 
Position (mm) 

11.5 30 54.2 9.8 124 Gardon Gauge 60 

11.7 30 55.2 8.2 126 Gardon Gauge 60 

11.8 30 56.4 9.5 123 Gardon Gauge 60 

11.0 30 48.0 7.3 117 Gardon Gauge 60 

10.9 25 48.3 7.9 101 Gardon Gauge 60 

10.9 30 47.8 6.9 116 Gardon Gauge 60 

11.0 35 47.5 9.5 142 Gardon Gauge 60 

11.7 30 56.3 9.1 124 Gardon Gauge 60 

6.5 19.412 27.4 -2.1 90 Gardon Gauge 60 

10.0 30 40.3 5.8 95 Gardon Gauge 60 

10.5 30 44.8 6.7 99 Gardon Gauge 60 

11.0 30 50.9 7.4 110 Gardon Gauge 60 

11.5 30 57.0 10.1 127 Gardon Gauge 60 

11.8 30 60.4 10.1 138 Gardon Gauge 60 

3.0 9.3566 12.4 -3.4 -7 Gardon Gauge 60 

10.0 30 37.9 6.1 115 Gardon Gauge 60 

10.5 30 44.3 9.3 132 Gardon Gauge 60 

11.0 30 49.3 8.7 149 Gardon Gauge 60 

11.5 30 55.0 10.7 162 Gardon Gauge 60 

7.5 20.368 32.3 -3.0 113 Gardon Gauge 60 

10.0 30 38.2 7.1 117 Gardon Gauge 60 

10.5 30 43.8 9.9 132 Gardon Gauge 60 

11.0 30 49.8 10.4 148 Gardon Gauge 60 

11.5 30 55.4 12.2 169 Gardon Gauge 60 

6.9 21.657 29.5 -0.8 126 Gardon Gauge 60 

10.0 30 38.5 7.5 118 Gardon Gauge 60 

10.5 30 44.9 7.7 135 Gardon Gauge 60 

11.0 30 50.1 9.7 149 Gardon Gauge 60 

11.5 30 56.0 11.2 164 Gardon Gauge 60 

5.7 74.1 25.1 -2.3 -7 Gardon Gauge 60 

10.0 30 37.6 8.4 122 Gardon Gauge 60 

10.9 30 48.9 10.0 151 Gardon Gauge 60 

6.1 66.905 26.3 -2.1 97 Gardon Gauge 60 

10.9 30 47.5 9.2 118 Gardon Gauge 60 

10.9 30 47.5 9.9 117 Gardon Gauge 60 

11.8 30 56.8 11.6 137 Gardon Gauge 60 
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𝑽𝒂𝒏𝒐𝒅𝒆 
(kV) 

�̇�𝒂𝒊𝒓 
(SLPM) 

𝑷𝒊𝒏 
(kW) 

𝑷𝒑𝒍𝒂𝒔𝒎𝒂 

(kW) 

𝒒𝟎,𝒄𝒘 
(W/cm2) 

Instrument Instrument 
Position (mm) 

11.8 25 57.5 12.0 121 Gardon Gauge 60 

10.4 20 43.8 8.2 86 Gardon Gauge 60 

10.0 20 39.2 6.8 76 Gardon Gauge 60 

11.5 25 54.0 11.4 140 Gardon Gauge 60 

11.5 25 53.8 10.8 124 Gardon Gauge 60 

11.5 25 53.7 11.1 125 Gardon Gauge 60 

11.7 25 56.6 10.4 128 Gardon Gauge 60 

10.1 30 34.3 9.1 107 Gardon Gauge 60 

10.0 30 34.0 10.8 107 Gardon Gauge 60 

10.9 30 47.8 11.7 142 Gardon Gauge 60 

11.3 30 53.1 15.7 159 Gardon Gauge 60 

4.0 13.488 17.4 -2.5 -1 Gardon Gauge 60 

10.7 30 45.8 12.4 137 Gardon Gauge 60 

10.7 30 45.8 12.4 137 Gardon Gauge 60 

11.7 30 56.3 15.1 158 Gardon Gauge 60 

11.7 30 56.7 16.1 187 Gardon Gauge 60 

11.7 30 57.4 14.6 113 Gardon Gauge 60 

11.7 30 57.3 14.5 257 Gardon Gauge 60 

11.7 30 57.3 13.9 118 Gardon Gauge 60 

11.7 30 57.2 13.9 142 Gardon Gauge 60 

11.7 30 57.6 14.3 142 Gardon Gauge 60 

10.9 30 48.0 10.1 136 Gardon Gauge 60 

10.9 30 48.0 12.0 121 Gardon Gauge 60 

11.4 30 53.8 15.7 120 Gardon Gauge 60 

11.4 30 53.8 14.2 217 Gardon Gauge 60 

11.4 30 53.8 14.4 128 Gardon Gauge 60 

11.7 30 57.4 14.2 127 Gardon Gauge 60 

11.7 30 57.5 13.7 122 Gardon Gauge 60 

11.8 30 57.5 14.5 128 Gardon Gauge 60 

9.9 30 33.4 7.1 102 Gardon Gauge 60 

10.6 30 44.7 11.2 120 Gardon Gauge 60 

11.8 30 58.3 14.5 103 Gardon Gauge 60 

11.8 30 58.3 14.2 181 Gardon Gauge 60 

11.4 30 53.9 13.7 126 Gardon Gauge 60 

11.7 30 56.6 13.9 121 Gardon Gauge 60 

10.7 30 43.7 12.5 120 Gardon Gauge 60 
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𝑽𝒂𝒏𝒐𝒅𝒆 
(kV) 

�̇�𝒂𝒊𝒓 
(SLPM) 

𝑷𝒊𝒏 
(kW) 

𝑷𝒑𝒍𝒂𝒔𝒎𝒂 

(kW) 

𝒒𝟎,𝒄𝒘 
(W/cm2) 

Instrument Instrument 
Position (mm) 

9.8 30 33.2 6.6 111 Gardon Gauge 60 

10.1 30 38.5 9.3 123 Gardon Gauge 60 

10.6 30 45.5 10.6 140 Gardon Gauge 60 

11.6 30 57.1 11.7 173 Gardon Gauge 60 

11.7 30 58.2 13.3 175 Gardon Gauge 60 

11.6 30 56.7 11.4 172 Gardon Gauge 60 

10.0 30 35.5 9.4 128 Gardon Gauge 60 

10.4 30 40.6 11.8 140 Gardon Gauge 60 

10.4 30 40.5 11.2 140 Gardon Gauge 60 

10.5 30 40.5 11.7 139 Gardon Gauge 60 

11.0 30 47.2 11.3 154 Gardon Gauge 60 

11.5 30 54.2 16.1 183 Gardon Gauge 60 

11.1 30 49.2 12.0 179 Gardon Gauge 60 

11.3 30 52.1 13.1 184 Gardon Gauge 60 

11.5 30 54.3 12.1 187 Gardon Gauge 60 

10.2 30 37.9 8.6 137 Gardon Gauge 60 

11.4 30 52.8 12.8 182 Gardon Gauge 60 

11.0 30 53.3 9.4 166 Gardon Gauge 60 

11.0 30 53.0 8.9 182 Gardon Gauge 60 

11.0 30 53.1 9.3 181 Gardon Gauge 60 

11.0 30 53.1 8.9 178 Gardon Gauge 60 

11.7 30 60.5 10.4 181 Gardon Gauge 60 

11.7 30 60.3 9.4 167 Gardon Gauge 60 

11.4 30 57.5 10.0 195 Gardon Gauge 60 

11.4 30 57.5 7.4 192 Gardon Gauge 60 

10.3 30 44.7 7.1 158 Gardon Gauge 60 

10.3 30 44.7 6.9 158 Gardon Gauge 60 

10.3 30 44.7 7.3 160 Gardon Gauge 60 

10.3 30 44.4 6.5 150 Gardon Gauge 60 

10.3 30 44.4 7.4 142 Gardon Gauge 60 

11.4 30 56.6 9.5 168 Gardon Gauge 60 

11.5 30 57.5 8.6 170 Gardon Gauge 60 

11.4 30 57.4 9.7 173 Gardon Gauge 60 

10.0 30 40.5 8.7 35 Gardon Gauge 60 

10.4 40 39.4 11.8 104 Gardon Gauge 60 

10.9 40 45.7 12.8 136 Gardon Gauge 60 
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𝑽𝒂𝒏𝒐𝒅𝒆 
(kV) 

�̇�𝒂𝒊𝒓 
(SLPM) 

𝑷𝒊𝒏 
(kW) 

𝑷𝒑𝒍𝒂𝒔𝒎𝒂 

(kW) 

𝒒𝟎,𝒄𝒘 
(W/cm2) 

Instrument Instrument 
Position (mm) 

10.9 45 44.0 14.0 121 Gardon Gauge 60 

10.0 20 43.7 6.7 104 Gardon Gauge 35 

10.1 25 42.9 7.4 128 Gardon Gauge 35 

10.0 30 39.0 7.6 132 Gardon Gauge 35 

10.0 35 34.0 9.7 109 Gardon Gauge 35 

10.0 40 31.8 8.2 106 Gardon Gauge 35 

10.4 20 47.9 8.8 118 Gardon Gauge 35 

10.4 25 46.8 8.2 134 Gardon Gauge 35 

10.4 30 44.9 8.9 152 Gardon Gauge 35 

10.4 30 44.7 10.2 122 Gardon Gauge 35 

10.4 35 42.0 9.2 124 Gardon Gauge 35 

10.4 40 38.5 11.6 113 Gardon Gauge 35 

10.4 45 36.7 10.1 104 Gardon Gauge 35 

11.0 20 53.1 8.3 117 Gardon Gauge 35 

10.9 25 52.0 9.6 123 Gardon Gauge 35 

10.9 30 50.4 11.6 147 Gardon Gauge 35 

11.0 35 48.8 12.5 157 Gardon Gauge 35 

10.9 40 45.4 11.9 148 Gardon Gauge 35 

10.9 45 42.7 12.5 133 Gardon Gauge 35 

11.0 50 41.1 14.0 119 Gardon Gauge 35 

11.5 30 56.0 13.4 159 Gardon Gauge 35 

11.4 35 53.5 13.6 182 Gardon Gauge 35 

11.4 40 51.3 14.9 177 Gardon Gauge 35 

11.4 45 48.5 15.2 168 Gardon Gauge 35 

11.4 50 47.1 13.8 156 Gardon Gauge 35 

9.9 30 40.3 8.6 127 Gardon Gauge 60 

9.9 30 40.4 8.8 127 Gardon Gauge 60 

10.0 30 41.2 6.3 145 Gardon Gauge 30 

9.9 30 40.8 5.9 144 Gardon Gauge 30 

11.4 30 58.2 10.3 147 Gardon Gauge 60 

11.4 30 58.2 10.0 149 Gardon Gauge 60 

10.7 30 50.5 6.9 138 Gardon Gauge 60 

11.4 30 58.3 9.7 145 Gardon Gauge 60 

0.0 30 0.0 -3.0 2 Gardon Gauge 60 

10.0 25 39.6 7.4 60 Gardon Gauge 30 

10.3 30 38.7 9.2 71 Gardon Gauge 30 
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𝑽𝒂𝒏𝒐𝒅𝒆 
(kV) 

�̇�𝒂𝒊𝒓 
(SLPM) 

𝑷𝒊𝒏 
(kW) 

𝑷𝒑𝒍𝒂𝒔𝒎𝒂 

(kW) 

𝒒𝟎,𝒄𝒘 
(W/cm2) 

Instrument Instrument 
Position (mm) 

10.4 30 40.9 9.4 71 Gardon Gauge 30 

10.1 30 37.9 7.5 109 Gardon Gauge 60 

10.2 30 39.4 8.7 109 Gardon Gauge 60 

9.9 25 37.5 8.1 93 Gardon Gauge 60 

9.6 25 31.5 4.4 85 Gardon Gauge 60 

9.6 25 31.0 4.3 80 Gardon Gauge 60 

9.6 25 32.8 5.9 84 Gardon Gauge 60 

9.6 25 32.8 6.3 79 Gardon Gauge 60 

9.6 25 28.7 5.1 78 Gardon Gauge 60 

9.6 25 29.8 3.7 78 Gardon Gauge 60 

9.5 25 30.5 4.7 82 Gardon Gauge 60 

9.5 25 31.8 5.5 85 Gardon Gauge 60 

9.5 25 32.0 6.5 64 Gardon Gauge 60 

9.5 25 31.7 6.2 76 Gardon Gauge 60 

9.5 25 30.7 4.5 62 Gardon Gauge 60 

9.5 25 31.0 4.8 70 Gardon Gauge 60 

9.8 25 38.5 10.2 122 Gardon Gauge 30 

9.5 25 32.9 6.5 103 Gardon Gauge 30 

9.5 25 31.2 8.2 103 Gardon Gauge 30 

9.5 25 32.1 6.7 112 Gardon Gauge 30 

9.5 25 32.2 6.3 110 Gardon Gauge 30 

9.5 25 32.6 6.6 111 Gardon Gauge 30 

9.5 25 32.0 7.0 113 Gardon Gauge 30 

9.5 25 35.2 5.8 85 Gardon Gauge 30 

9.5 25 35.4 5.6 89 Gardon Gauge 30 

9.5 25 35.3 6.0 82 Gardon Gauge 30 

9.5 25 35.3 5.8 83 Gardon Gauge 30 

9.6 25 36.1 6.2 90 Gardon Gauge 30 

9.5 25 35.9 6.4 84 Gardon Gauge 30 

9.5 25 33.1 6.5 110 Gardon Gauge 30 

9.5 25 31.2 7.4 111 Gardon Gauge 30 

9.5 25 29.8 6.5 109 Gardon Gauge 30 

9.5 25 29.0 5.5 105 Gardon Gauge 30 

9.5 25 29.7 6.3 111 Gardon Gauge 30 

9.5 25 30.1 7.4 102 Gardon Gauge 30 

9.5 25 29.5 7.0 106 Gardon Gauge 30 
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𝑽𝒂𝒏𝒐𝒅𝒆 
(kV) 

�̇�𝒂𝒊𝒓 
(SLPM) 

𝑷𝒊𝒏 
(kW) 

𝑷𝒑𝒍𝒂𝒔𝒎𝒂 

(kW) 

𝒒𝟎,𝒄𝒘 
(W/cm2) 

Instrument Instrument 
Position (mm) 

9.5 25 29.2 6.4 104 Gardon Gauge 30 

9.6 25 29.0 6.1 99 Gardon Gauge 30 

9.6 30 29.3 6.3 104 Slug Calorimeter 60 

9.5 20 36.3 4.5 90 Slug Calorimeter 60 

10.0 40 31.0 7.9 117 Slug Calorimeter 60 

10.4 20 47.3 7.4 109 Slug Calorimeter 60 

10.4 30 42.8 8.8 155 Slug Calorimeter 60 

10.4 40 37.9 10.4 150 Slug Calorimeter 60 

10.9 20 52.4 6.8 117 Slug Calorimeter 60 

10.9 20 52.4 7.3 114 Slug Calorimeter 60 

10.9 30 47.8 9.2 167 Slug Calorimeter 60 

10.9 40 41.9 14.1 167 Slug Calorimeter 60 

10.9 50 40.6 13.0 155 Slug Calorimeter 60 

11.4 30 52.8 11.1 180 Slug Calorimeter 60 

11.5 40 47.1 15.8 185 Slug Calorimeter 60 

11.5 50 44.3 16.7 166 Slug Calorimeter 60 

11.6 60 41.2 13.8 156 Slug Calorimeter 60 

11.8 20 62.4 10.2 136 Slug Calorimeter 60 

11.8 30 59.5 10.8 192 Slug Calorimeter 60 

11.9 40 54.3 16.1 230 Slug Calorimeter 60 

11.8 50 51.0 15.9 219 Slug Calorimeter 60 

11.9 60 49.9 15.6 185 Slug Calorimeter 60 

12.0 70 47.1 15.5 204 Slug Calorimeter 60 

11.8 40 52.0 17.8 195 Slug Calorimeter 90 

11.8 50 49.0 17.9 188 Slug Calorimeter 90 

11.9 60 45.9 15.4 149 Slug Calorimeter 90 

9.5 25 33.9 6.5 109 Slug Calorimeter 60 

9.5 30 29.8 9.3 111 Slug Calorimeter 60 

10.0 20 42.7 8.4 106 Slug Calorimeter 60 

10.0 30 36.0 8.6 132 Slug Calorimeter 60 

10.5 45 37.2 13.6 149 Slug Calorimeter 60 

9.5 20 37.7 6.6 114 Slug Calorimeter 30 

9.5 25 33.1 9.3 122 Slug Calorimeter 30 

9.6 30 30.3 6.5 126 Slug Calorimeter 30 

10.0 20 42.7 8.7 125 Slug Calorimeter 30 

10.0 30 35.8 8.6 149 Slug Calorimeter 30 
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𝑽𝒂𝒏𝒐𝒅𝒆 
(kV) 

�̇�𝒂𝒊𝒓 
(SLPM) 

𝑷𝒊𝒏 
(kW) 

𝑷𝒑𝒍𝒂𝒔𝒎𝒂 

(kW) 

𝒒𝟎,𝒄𝒘 
(W/cm2) 

Instrument Instrument 
Position (mm) 

10.0 40 33.1 8.3 152 Slug Calorimeter 30 

10.4 20 47.5 5.9 134 Slug Calorimeter 30 

10.4 30 42.7 8.8 176 Slug Calorimeter 30 

10.5 40 38.3 7.8 184 Slug Calorimeter 30 

10.6 50 35.8 8.4 152 Slug Calorimeter 30 

10.9 20 52.6 5.8 148 Slug Calorimeter 30 

11.0 30 49.1 8.7 196 Slug Calorimeter 30 

10.9 40 44.1 11.0 220 Slug Calorimeter 30 

10.9 50 41.0 11.2 189 Slug Calorimeter 30 

11.4 20 56.5 6.3 152 Slug Calorimeter 30 

11.5 30 53.7 11.2 217 Slug Calorimeter 30 

11.4 40 47.9 11.9 229 Slug Calorimeter 30 

11.4 40 47.8 12.3 222 Slug Calorimeter 30 

11.4 50 45.8 12.7 205 Slug Calorimeter 30 

11.6 60 42.9 13.5 181 Slug Calorimeter 30 

11.9 20 61.8 7.9 168 Slug Calorimeter 30 

11.8 30 58.5 10.6 212 Slug Calorimeter 30 

11.8 40 53.4 12.7 244 Slug Calorimeter 30 

11.9 50 51.1 16.8 237 Slug Calorimeter 30 

12.0 60 48.3 14.0 199 Slug Calorimeter 30 

10.0 20 43.0 7.3 90 Slug Calorimeter 35 
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