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Analysis of Probe Surveys Conducted in the 10-MW TP3
Arc-Jet Facility 15-Inch Nozzle Flow

Tahir Gokgen'
AMA Inc., NASA Ames Research Center, Moffett Field, CA 94035

Computational simulations and analysis of flow characterization tests in a high enthalpy
arc-jet facility at NASA Ames Research Center are reported. These tests were conducted in
the 10-MW TP3 facility 15-inch conical nozzle, and pitot pressure and heat flux probes are
used to survey test flow downstream of the nozzle exit. Two 1.59-cm (0.625 in) diameter
hemisphere probes were used: one with a stagnation-point pressure port, the other with a
Gardon heat flux gage. Calibration data were also obtained using 10.16-cm iso-q and 20.32-
cm flat-faced slug calorimeters. Experimental surveys of arc-jet test flow with pitot pressure
and heat flux probes were obtained at eight arc-heater conditions, covering wide ranges in arc
current (316-1756 A) and mass flow rate (32-500 g/s, without any cold-gas injection at the
arc-heater plenum) and providing assessment of the flow uniformity in the facility. The
present analysis comprises computational fluid dynamics simulations of the nonequilibrium
flowfield in the facility nozzle and test box, including the models tested. These simulations take
into account non-uniform total enthalpy and mass flux profiles at the nozzle inlet as well as
the expansion waves emanating from the nozzle exit and their effects on the model flowfields.
Comparisons of computations with the experimental measurements are presented, showing
reasonably good agreement. The probe survey data and accompanying analysis show that the
test flow in the TP3 15-inch nozzle is highly non-uniform at most conditions, and the extent of
flow non-uniformity depends on arc current and mass flow rate.

1. Nomenclature

ci = species mass fraction for species i

D. = nozzle exit diameter, cm (or in)

h = enthalpy, MJ/kg

ho = total enthalpy, MJ/kg

hob = mass-averaged total enthalpy (or bulk enthalpy), MJ/kg
Roct = centerline total enthalpy, MJ/kg

1 = arc current, A

M = Mach number

m = total mass flow rate, g/s

) = nitrogen flow rate, g/s

moz = oxygen flow rate, g/s

Tila = cold-gas injection rate at the plenum (N2), g/s
Tiar = argon flow rate, g/s

p = pressure, kPa

Pbox = test box pressure, torr

Dmide = arc-heater mid-column pressure, kPa

Danode = arc-heater anode pressure, kPa

Deathode = arc-heater cathode pressure, kPa

Do = total pressure, kPa

pe = pitot pressure or model stagnation pressure, kPa
qee = 1.59-cm hemisphere probe Gardon-gage heat flux, W/cm?
qs = surface heat flux, W/cm?
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e = model corner radius, m

Tn = nose radius, m

s = arc-length coordinate or the survey probe location, m
T = temperature or translational-rotational temperature, K
T, = vibrational-electronic temperature, K

V = arc voltage, V

Xml = model location from the nozzle exit plane, cm

II. Introduction

Arc-jet facilities provide the primary means to study the performance of various types of thermal protection
systems (TPS) used on the outer surfaces of spacecraft in an aerothermodynamic heating environment. In a high
enthalpy arc-jet facility, a test gas, usually air or a mixture of nitrogen, oxygen and argon, is passed through an electric
arc discharge where the energy is added to the flow. The test gas is then expanded through a converging-diverging
nozzle into an evacuated test chamber to produce high-enthalpy supersonic or hypersonic flow. NASA Ames Research
Center (ARC) has four arc-jet facilities within its Arc-Jet Complex [1]. One of these arc-jet facilities, the Aerodynamic
Heating Facility (AHF), has recently been upgraded to run with a 10-MW constricted arc heater, named the TP3,
which was formerly known as the TP2 when operated at Johnson Space Center [2]. The TP3 currently operates with
a test gas mixture of pure nitrogen and variable oxygen without argon gas (with mixtures of nitrogen and carbon
dioxide planned in the future) [3].

Among the various arc-jet test configurations available at Ames, the TP3 uses a conical nozzle test configuration,
in which stagnation pucks or wedge models are placed in a free jet downstream of the nozzle exit. Although the TP3
has been operational at Ames since 2013 [3], and flow characterization studies were already performed in the TP3
7.5-inch nozzle [4, 5], the TP3 15-inch nozzle was used the first time in the AHF in 2019. For flow characterization
purposes, pitot pressure and heat flux probes are used to survey the test flow downstream of the 15-inch nozzle exit at
a wide range of arc-heater conditions, providing assessment of the flow uniformity in the facility with this nozzle.

The present analysis comprises computational fluid dynamics (CFD) simulations of the nonequilibrium flowfield
in the facility nozzle and test box, including the models tested. CFD simulations take into account non-uniform total
enthalpy and mass flux profiles at the nozzle inlet as well as the expansion waves emanating from the nozzle exit and
their effects on the model flowfields. Comparisons of CFD simulations with the experimental measurements are
presented. Based on the probe survey data and CFD analysis, assessment of the flow uniformity in the TP3 15-inch
nozzle is assessed.
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(a) arc-heater/nozzles sketch (b) flat-faced model test

Figure 1. TP3 sketch and a photograph of TP3 15-inch nozzle test.
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III. Arc-Jet Facility and Tests

The AHF at ARC, with its 10-MW TP3 constricted arc-heater configuration, is designed to operate with a set of
conical nozzles. All of the nozzles have the same inlet diameter of 10.16 cm (4 in), and the same throat diameter of
5.715 cm (2.25 in). Nozzle exit diameters range from 12.7 cmto 101.6 cm (5, 7.5, 10, 15, 20, and 40 in). The diverging
section of each nozzle has a half-angle of 15° [1, 3]. Figure 1 shows a schematic diagram of a wall-constricted arc-
jet with its interchangeable nozzles and a photograph of a flat-faced model test in the TP3 15-inch nozzle.

The present probe survey data were obtained in the TP3 15-inch diameter conical nozzle during the AHF 341 test
series in 2019. The pitot pressure and Gardon-gage heat flux surveys of the nozzle jet in the test section were done at
eight arc-jet conditions and at about 20.3 cm distance from the nozzle exit. Each condition was calibrated separately
for its centerline conditions with 20.3-cm diameter flat-faced slug calorimeters (the same shape as the test article).
The shoulder region of the flat-faced models is rounded to the cylindrical sides (r.=0.95 cm). These surveys were
performed using 1.59-cm diameter hemisphere probes (D=0.625 in). Two survey probes were used: one with a
stagnation-point pressure port, the other with a Gardon heat flux gage. The sweeps to survey across the nozzle were
done by moving the probes horizontally across the free jet in two directions: first from east to west, then retracting
back west to east. This provides two experimental data sets for each survey sweep. Figure 2 shows photographs of the
pitot pressure and heat flux survey probes and calorimeter models. Additional information on the heat flux
measurement techniques and standards can be found in [6-8].

(b) 20.3-cm flat-faced slug calorimeter (c) 20.3-cm flat-faced Gardon gage calorimeter
Figure 2. Photographs of the survey probes and calorimeter models used to calibrate arc-jet test conditions.

One important testing capability of the 10-MW TP3 facility is its ability to simulate various heating profiles in time
representative of hypersonic flight. In a heating profile test, the heating profile is usually broken into a number of
independent steps where each step is calibrated using calorimeters for its centerline conditions prior to the profile run,
and subsequently the heating profile simulation is carried out in a single arc-jet run. Since the facility configuration is
fixed, achieving the wide range of conditions needed in the heating profile simulation requires that the facility operate
at the extremes of its operating envelope. The flight profile simulation and its results are outside the scope of this
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paper. The reason it is mentioned here is that the arc-jet conditions presented were actual steps in various flight heating
profile simulations in AHF 341 tests. There was no other rationale in choosing these conditions for the probe surveys.
However, it should be noted that these conditions cover wide ranges in arc current (316—1756 A) and mass flow rate
(32-500 gfs), and do not include any cold-gas injection at the arc-heater plenum, providing assessment of the flow
uniformity in the facility. Nominal facility parameters for the eight conditions are given in Table 1. Note that these
cases are ordered such that they are increasing with increasing mass flow rate and arc current.

Table 1. Summary of nominal facility conditions for the probe sweeps in the TP3 15-inch nozzle (AHF 341).

AHF 341 Case 1 Case 2 Case 3 Case 4 Case S Case6 Case7 Case 8
condition 10n 3 4 5 11n 9n Tn 2
Dmide, KPa 40 39 72 264 287 402 433 522
LA 316 401 804 1204 598 696 902 1756
v,V 1386 1327 1828 3626 4526 5257 5140 4861
1, g/s 33 32 60 250 350 500 500 500
HIN2 23 23 46 193 270 385 385 385
H102 7 7 14 57 80 115 115 115
FN2plenum 0 0 0 0 0 0 0 0
Hiar 3 2 0 0 0 0 0 0

IV. Computational Approach

Computational analyses of arc-jet tests are performed through simulation of nonequilibrium expanding flow in the
arc-jet nozzle and supersonic jet, and simulation of the flow in the test box and around the test articles. For all CFD
calculations, the Data Parallel Line Relaxation (DPLR) code [9, 10], a NASA Ames in-house flow solver, is used.
DPLR has been employed extensively at Ames for hypersonic flight, planetary entry and arc-jet simulations. DPLR
provides various options for thermophysical models and formulation. For CFD calculations presented in this paper,
two-dimensional axisymmetric or three-dimensional Navier-Stokes equations, supplemented with the equations
accounting for nonequilibrium kinetic processes, are used in the formulation. The thermochemical model employed
for the arc-jet flow includes five species (N2 Oz, NO, N, O), or six species (N2 Oz, NO, N, O, Ar) when argon is
present, and the thermal state of the gas is described by two temperatures (translational-rotational and vibrational-
electronic) within the framework of Park's two-temperature model [11].

The flowfield in an arc-jet facility, from the arc heater to the test section, is a very complex, three-dimensional
flow with various nonequilibrium processes occurring. In order to simulate the flowfield, several simplifying
assumptions are made, and corresponding numerical boundary conditions are prescribed for CFD simulations. The
present computational approach follows our earlier work [5, 12, 13], and it is also briefly described here. Simulations
of the arc-jet facility flow are started from the nozzle inlet. The total enthalpy and its radial profile at the inlet are
prescribed based on the facility and calibration data, and the flow properties at the inlet are assumed to be in
thermochemical equilibrium. Measured facility data, namely the total pressure, mass flow rate, and test box pressure,
are used as boundary conditions.

V. Computational Results

First, one flat-faced stagnation model simulation is presented. Then, comparisons of computations with the pitot
pressure and Gardon-gage heat flux surveys obtained in the TP3 15-inch nozzle are presented.

A. Stagnation calorimeter simulations

Stagnation calorimeters, typically with the same geometry of test articles, are used to calibrate the arc-jet test
conditions. As in our previous work, these calorimeter measurements along with the facility data and CFD simulations
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are then used to infer the centerline total enthalpy of the arc-jet flow. In order to estimate the centerline total enthalpy
with CFD simulations, uniform pressure and a non-uniform parabolic enthalpy profile are specified at the nozzle inlet
such that the calorimeter measurements are reproduced with the computations. This approach also used in our earlier
work [5, 12, 14] is analogous to the ASTM standard E637-05 [15], except that the calorimeter surface heat flux and
pressure are predicted by CFD simulations, replacing the heat transfer theory used in the standard.

As an illustration of a typical calorimeter simulation, Fig. 3 shows a computed TP3 15-inch nozzle flowfield
including the test box and a flat-faced calorimeter model. In Fig. 3a and 3b, computed Mach number and total enthalpy
contours are shown. In order to provide some insight into the nonequilibrium flowfield chemistry within the nozzle
and shock layer formed in front of the calorimeter model, species mass fraction and temperature profiles are shown
(Fig. 3c and 3d). Because of the nonequilibrium expansion process in the nozzle, the chemical composition freezes
near the throat where the flow is dissociated and vibrationally excited. For this case, at this pressure and moderately
high enthalpy level, the computations predict that the flow is chemically frozen but remains in vibrational
nonequilibrium before it reaches the nozzle exit (Fig. 3¢). Note that oxygen remains fully dissociated within the entire
flowfield except in the boundary layer near the walls, while nitrogen is partially dissociated. In Fig. 3d, further
dissociation of N2, vibrational relaxation, followed by thermal equilibration are predicted along the model stagnation
streamline.
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Figure 3. Computed TP3 15-inch nozzle flowfield including the test box and a 20.3-cm diameter flat-faced

calorimeter model: 7z =250 g/s, hop=11.4 MJ/Kg, hocr=21.3 MJ/kg, parabolic enthalpy profile, N2/O: mixture,
DPbox = 1 torr.
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B. Comparisons with pitot pressure and heat flux survey data

Comparisons of CFD simulations with the survey data follow the approach presented in [4, 5, 11]. While the data
obtained from the pitot pressure surveys are used as quantitative data, Gardon gage heat flux measurements from the
probe surveys are used as qualitative data since they were not consistent with the slug calorimeter data. Therefore,
only normalized distributions of the heat flux measured by the survey probes are used in comparisons with
computations. Furthermore, since direct comparisons would require three-dimensional CFD simulations of flowfields
around the survey probes at several locations in the test section, only approximate comparisons are made based on the
computed axisymmetric CFD flowfields. Quantitative pitot pressure comparisons are based on the CFD flowfield and
shock relations (pressure, Mach number, frozen flow). For normalized heating distribution comparisons, the heat flux
from the Gardon gage probes is assumed to be proportional to 4 p2'’%, and corresponding computations are based on
the CFD flowfield.

For an example, Fig. 4 shows the computed Mach number and pressure contours near the nozzle exit and
supersonic jet for the case shown in Fig. 3. These simulations do not include the model in the test box. It should be
noted that the expansion of the jet exiting the nozzle and the width of the jet are controlled by the test box pressure
[10]. On the Mach number contour plot, the probe survey location is also indicated. The axial location for the survey
probes is approximately at x = 0.806 m or at x, = 20.32 cm (8 inches downstream of the nozzle exit).

04 04 r

03

03

02

E E 018
> > 015
012
o1 0.1 0.09
0.08
r I 0.06
005
of 0
0.4 05 06 07 08 09 T 04 05 06 07 08 09 i T
X, m X, m
(a) Mach number (b) pressure

Figure 4. Computed flowfield contours near the nozzle exit and test box, and axial location for the survey
probes. TP3 15-inch nozzle flow: rir = 250 g/s, ho» = 11.4 MJ/Kg, hoa= 21.3 MJ/kg, parabolic enthalpy profile,
N2/O2 mixture, psox = 0.4 torr.

Comparisons of computations with the pitot pressure and Gardon-gage heat flux survey data will be presented for
three cases (1, 4 and 8) listed in Table 1. These three cases correspond to the minimum, an intermediate and the
maximum facility conditions in terms of arc current and mass flow rate. The proposed paper will include comparisons
for all conditions. Note that for each condition, the centerline total enthalpy value is set such that centerline stagnation
calorimeter data, surface pressure and heat flux are reproduced with CFD calculations. Also, the pitot pressure and
heat flux survey data were obtained in separate arc-jet runs but at the same nominal facility conditions listed in Table 1.

Case 1, AHF 341 condition 10n (316 A, 33 g/s): minimum arc current and mass flow rate

This condition represents a facility condition at the minimum arc current and mass flow rate, and there is no plenum
cold gas injection. Figure 5 shows comparisons of computations with the pitot pressure and Gardon-gage heat flux
survey data. Note that the sweep data obtained, both pitot pressure and heat flux data, are repeatable within the
measurement fluctuations in both sweep directions (East to West and West to East). In Fig. 5, CFD simulations
reproduce the pitot pressure and heat flux data reasonably well. Note also that there appears to be some variation in
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the pitot pressure near the nozzle centerline, possibly resulting from weak wave interactions in the supersonic jet. For
this case, the enthalpy distribution in the test flow can be considered moderately non-uniform (the centerline-to-bulk
enthalpy ratio is 1.43).
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Figure 5. Comparisons of computations with the pitot pressure and heat flux survey data at x».: = 20.3 cm
location (Case 1). TP3 15-inch nozzle flow: mt = 33 g/s, hoo= 9.5 MJ/Kkg, hocr=13.6 MJ/kg, parabolic enthalpy
profile, N2/O: mixture with 6.3% Ar, ps.x = 0.15 torr.
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Figure 6. Comparisons of computations with the pitot pressure and heat flux survey data at x».: = 20.3 cm
location (Case 4). TP3 15-inch nozzle flow: rir =250 g/s, ho»=11.4 MJ/Kg, hocr=21.3 MJ/Kkg, parabolic enthalpy
profile, N2/O: mixture, psox = 0.4 torr.

Case 4, AHF 341 condition 5 (1204 A, 250 g/s): moderately high arc current and intermediate mass flow rate

This facility condition is at moderately high arc current and intermediate mass flow rate, with no plenum cold
gas injection. Figure 6 shows comparisons of computations with the pitot pressure and Gardon-gage heat flux survey
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data. Again, both pitot pressure and heat flux sweep data are repeatable in both sweep directions (EW and WE).
However, both pitot and heat flux survey data are slightly asymmetric with respect to the nozzle/jet centerline. More
importantly, the measured pitot pressure profile, as well as the CFD computations, both show a dip near the jet
centerline. This non-uniform flow feature observed in the pitot surveys is primarily due to the TP3 nozzle throat
design. For the elongated throat design, expansion waves are generated at the throat and diverging-nozzle cone
intersection, and these waves propagate downstream and reflect on the nozzle centerline as compression waves
(eventual shock formation). These waves are observed in the computed Mach number contours in Fig. 3a and Fig. 4a,
as well as in the pressure contours in Fig. 4b. (The proposed paper will have additional simulation results to clarify
this wave formation and its possible mitigation.) It is also worth mentioning here that the features in the pitot and heat
flux surveys at s ~ +0.25 m correspond to the nozzle jet boundary (see Fig. 4a), the location of which is primarily
determined by the test box pressure. Again, CFD simulations reproduce the pitot pressure and heat flux data reasonably
well. For this case, the enthalpy distribution in the test flow is considered highly non-uniform (the centerline-to-bulk
enthalpy ratio is 1.87).

Case 8, AHF 341 condition 2 (1756 A, 500 g/s): maximum arc current and high mass flow rate

This facility condition is at the maximum arc current and relatively high mass flow rate, with no plenum cold gas
injection. Although somewhat higher mass flow rates are possible for the TP3 heater, for AHF 341 tests, this condition
was considered as the maximum facility condition (maximum current and maximum flow rate). For this case, Fig. 7
shows comparisons of computations with the pitot pressure and Gardon-gage heat flux survey data. Again, both pitot
pressure and heat flux sweep data are repeatable between EW and WE sweep directions, and both are slightly
asymmetric with respect to the jet centerline. The non-uniform flow feature or the dip in the pitot survey data near the
jet centerline that was discussed in Case 4 is also clearly observed for this case. Although CFD simulations reproduce
the pitot pressure data well including the dip, they underpredict the heat flux distribution near the jet boundary. As
mentioned earlier, the heating distribution near the jet boundary is significantly affected by the test box pressure.
Sensitivity of the pitot pressure and heat flux surveys to the test box pressure will be included in the proposed paper.
Again, since the centerline-to-bulk enthalpy ratio is about 2.23, the enthalpy distribution in the test flow for this case
is considered highly non-uniform.
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Figure 7. Comparisons of computations with the pitot pressure and heat flux survey data at x».: = 20.3 cm
location (Case 8). TP3 15-inch nozzle flow: riz =500 g/s, hop=12.9 MJ/Kg, hoci= 28.8 MJ/kg, parabolic enthalpy
profile, N2/O: mixture, psox = 2 torr.

From these three cases, the probe survey data along with CFD analysis show that the test flow in the TP3 15-inch
nozzle is highly non-uniform at most conditions. As expected, the extent of flow non-uniformity, or the inferred
centerline-to-bulk enthalpy ratio, depends on facility conditions (arc current and mass flow rate). As mentioned earlier,
proposed paper will include analysis and comparisons with the test data for eight conditions.
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