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Introduction and Motivation 
Arc jet tests play a critical role in the characterization and certification of thermal 
protection materials and systems (TPS). The results from these arc jet tests feed directly 
into computational models of material response and aerothermodynamics to predict the 
performance of the TPS in flight. Thus the precise knowledge of the plasma environment 
to which the test material is subjected, is invaluable. As one of the environmental 
parameters, the heat flux is commonly measured. The measured heat flux is used to 
determine the plasma enthalpy through analytical or computational models.  
At NASA Ames Research Center (ARC), slug calorimeters of a geometrically similar 
body to the test article are routinely used to determine the heat flux. A slug calorimeter is 
a thermal capacitance–type calorimeter that uses the temperature rise in a thermally 
insulated slug to determine the heat transfer rate, see Figure 1(left). Current best practices 
for measuring the heat flux with a slug calorimeter are described in ASTM E457 – 96 1. 
Both the calorimeter body and slug are made of Oxygen Free High Conductivity Copper, 
and are cleaned before each run. 
 

  
Figure 1 (left) Example of hemispherical slug calorimeter used to determine heat flux. 
(right) Color change of slugs exposed to different arc jet conditions suggests oxidation of 
copper.  
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The enthalpy in plasma can be described as a sum: 
 

 

 
where ci mass fraction of the species, Δhf,i is the standard enthalpy of formation, and v is 
the velocity of the plasma. The total enthalpy is thus a sum of the chemical enthalpy 
(dissociation, ionization), the enthalpy related to the temperature of the plasma 
(rotational, vibrational, translational movement), and the kinetic enthalpy. The catalytic 
efficiency of the calorimeter surface directly influences the fraction of the chemical 
enthalpy seen by the sensor. The lower the catalycity, the smaller the fraction registered. 
In order to determine plasma enthalpy from heat flux measurements it is thus desirable to 
either have a fully catalytic sensor surface, or to accurately know the catalytic efficiency 
of the material.  
 
In the recent past, attention has been drawn to the fact that slugs are frequently 
discolored, pointing to possible surface oxidation, in particular after high enthalpy arc jet 
runs – see Figure 1 (right).  
At high enthalpy conditions, an oxidized slug, with a surface composition of CuO or 
Cu2O would have a significant impact on the heat flux measured. From literature, pure 
copper is nearly fully catalytic (γ≈0.1), where copper oxide falls into the range of 
medium catalytic efficiency (γ≈0.02)2. Thus the heat flux registered, and the enthalpy 
derived, would be lower for copper oxide than for pure copper when exposed to the same 
plasma condition. For material tests, the testing environment in the arc jet is adjusted to 
meet a required enthalpy. This means that test enthalpies determined from oxidized slugs 
might be higher than required, since a portion of the enthalpy is not reflected in the heat 
flux. Material samples would thus potentially be tested at conditions that are higher than 
necessary.   
 
In order to determine the degree to which arc jet heat flux measurements are influenced 
by catalytic and oxidation effects a systematic study is being conducted. It aims at 
answering the following questions: 
 

o Does the surface composition on a copper calorimeter change during a 
measurement? 

o How does the surface composition change? 
o When and how fast does the surface composition change? 
o Does this change affect the heat flux reading and by how much? 
o How does this affect the CFD material response predicted? 

 
And, following these questions: 

o Can we avoid surface composition changes during a heat flux measurement, in the 
interest of having a  well-defined measurement? 

o Can we recommend best practices for future test? 
 
 



Methodology 
The methodology used will be described thoroughly in the full paper. The following 
aspects are highlighted here:  
 
XPS analysis 
X-ray Photon Spectroscopy (XPS) is used to analyze the surface composition of the slugs 
before and after plasma exposure. Monochromatic x-rays are irradiated onto the sample 
surface, resulting in the emission of photoelectrons whose energies are characteristic of 
the elements within the sampling volume. The measurement depth is between 0 and 70Å. 
This technique can be coupled with ion sputtering, to determine an upper boundary for 
the depth of composition change. This analysis service was provided by EAG (Evans 
Analytical Group). 
 
SiO2 coating of copper slugs 
To achieve a low catalytic surface material, while retaining the high conductivity of 
copper, the copper slug  was sputtered with SiO2. In this technique, the solid SiO2 source 
is bombarded with Argon plasma, which cause it to release and deposit molecular SiO2 
onto the strategically placed target material. 
 
Experiment 
Tests were performed in the Aerodynamic Heating Facility (AHF) at NASA Ames 
Research Center with a 46cm diameter nozzle. Calorimeter slugs were systematically 
exposed to 6MJ/kg, 15MJ/kg and 16 MJ/kg conditions. Post-test analysis was performed 
using XPS.  
The following tests were conducted thus far: 
1- Pre-test, aimed at understanding the surface condition before insertion into the plasma 
2- AHF 297 Run2, aimed at characterizing the surface of copper slugs after plasma 
exposure at three conditions. Additionally, a slug was inserted several times to determine 
the influence of multiple insertions in the same test run. The surface of all slugs was 
analyzed.  
3- AHF 297 Run3, aimed at investigating the difference in heat flux due to other metal 
surfaces such as Nickel, Gold, Constantan and Platinum. The surface of all materials was 
analyzed post test.   
 
It is further planned to conduct at least one more test series aimed at understanding the 
rate at which the copper slug surface oxidizes, as well as investigate the use of other 
surface materials such as CuO and SiO2.  
 
Results 
The preliminary results from this study show oxidation of copper surfaces to Cu2O 
before run, and to CuO during plasma exposure, even at low heat flux conditions. Further 
results will be presented in the full paper. In addition, the impact of the catalytic 
efficiency on computational models will be explored.  
 



 
Figure 2 Nickel, Gold, Platinum, Constantan and Copper surfaces pre-and post plasma 
exposure.  
 
References 
                                                
1 ASTM E457-96 (Reapproved 2002) “Standard Test Method for Measuring Heat-
Transfer Rate Using a Thermal Capacitance (Slug) Calorimeter.” 
2 Cauquot, P. Cavadias, S., Amouroux, J., Thermal Energy Accomodation from Oxygen 
Atoms Recombination on Metallic Surfaces, Journal of Thermophysics and Heat 
Transfer, Vol.12, No.2, April- June 1998 
























