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A thermochemically-closed sonic-flow inversion framework (TSIF) is developed to infer
bulk enthalpy and total temperature upstream of a choked nozzle in multi-species arc-jet flows.
The formulation recasts a pressure-rise total enthalpy quantification technique as an inverse
problem in characteristic-velocity ¢* space using measured mass flow rate, upstream total
pressure, gas composition, and nozzle throat geometry as inputs. Unlike calorimetric energy-
balance approaches or optical diagnostics, the method relies on upstream facility measure-
ments and explicit thermochemical closure, without requiring downstream heat-flux, spectro-
scopic, calorimetric, or CFD-derived inputs. Thermochemical states are obtained using NASA’s
open-source Chemical Equilibrium with Applications (CEA) code, enabling construction of
a relationship between characteristic velocity, total enthalpy, and total temperature under
equilibrium or frozen assumptions. A discharge coefficient is self-calibrated using cold-flow
(arc-off) data and applied to hot-flow (arc-on) measurements, allowing repeatable facility- and
nozzle-level non-idealities to be represented through an explicit effective correction without em-
pirical enthalpy correlations. The framework is applied to air, N, and CO,/N; arc-jet flows
in the 30 KW mARC II facility, demonstrating expected trends with arc power, specific energy
input, mass flow rate, and heater configuration, as well as composition-dependent variation
in inferred bulk enthalpy. The inferred enthalpies also enable characterization of arc-jet ef-
ficiency, while equilibrium—frozen comparisons quantify sensitivity to chemical-relaxation as-
sumptions. In the equilibrium-air limit, the method recovers the classical high-enthalpy asymp-
totic relation of Winovich with a mean residual of 4.4%, demonstrating compatibility with
established sonic-flow scaling while extending applicability to specified multi-species mixtures
and selectable equilibrium/frozen chemical models. The framework provides a mixture-flexible
methodology for determining bulk thermochemical states in modern arc-jet environments us-
ing existing facility instrumentation and without requiring additional diagnostic hardware.

Nomenclature
Symbols
h = enthalpy T = temperature
mr = total mass flow rate A = area
p = pressure M = Mach number
Jol = density Cp = specific heat capacity
Cq = discharge coeflicient Y = specific heat ratio
c* = characteristic velocity Y = mass fraction
i = bulk velocity MW = molecular weight
Larc = arc current Parc = arc power
o = standard deviation n = arc-jet efficiency
Subscripts/Superscripts
(Do = total (stagnation) quantity (Jpux = bulk quantity
()rp = relating to CEA’s TP problem (ref = reference quantity
()rocker = relating to CEA’s ROCKET problem (-)2bs = absolute quantity
(eold = relating to cold-flow (arc-off) conditions () = relating to equilibrium chemical model
()hot = relating to hot-flow (arc-on) conditions ()fr = relating to frozen chemical model
(“Dexp = relating to experimental measurement ()¢ = relating to nozzle throat
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I. Introduction

IGH-ENTHALPY arc-jet facilities are widely used to reproduce the coupled thermal, chemical, radiative, and fluid-

dynamic environments encountered during atmospheric entry [1, 2]. Accurate quantification of the bulk enthalpy
of the test flow remains a central requirement for both experimental interpretation and numerical model validation [3, 4].
In particular, bulk enthalpy provides a primary in-flow boundary condition for computational fluid dynamics (CFD)
simulations of test articles, directly influencing predicted heat fluxes, shock-layer chemistry, and surface response [5].
Errors in estimated bulk enthalpy propagate non-linearly into reconstructed entry conditions, undermining comparisons
between ground tests, numerical models, and flight data [6, 7]. Bulk enthalpy is not directly measured as a primitive
thermodynamic state variable in arc-jet facilities; instead, it is reconstructed from measurable quantities through energy
balances, sonic-flow theory, correlations, or spectroscopic inference, each requiring specific modeling assumptions and
thermodynamic closure. Consequently, the inferred value depends on the physical constraints imposed by the chosen
methodology.

From a physical standpoint, bulk enthalpy in an arc-jet flow is commonly used to characterize the total energy
content of the upstream arc-heater column feeding the nozzle, including both sensible thermal energy and chemical
energy associated with dissociation and excitation [8]. Here, bulk refers specifically to the upstream nozzle-feed state
rather than nozzle-exit, free-jet, or test-section conditions. Under choked-flow conditions, this bulk enthalpy governs the
thermodynamic state reached at the nozzle throat. Through this throat state, it controls the characteristic velocity of the
choked nozzle flow and the kinetic energy available at the nozzle exit. This relationship links arc-jet enthalpy operating
conditions to realistic flight profiles via an effective entry velocity v, through the familiar scaling hg ~ v2 /2 [9].
Consequently, reliable enthalpy inference is essential for establishing ground-to-flight equivalence between arc-jet test
conditions and flight-relevant entry trajectories [10].

Several techniques have historically been employed to infer bulk enthalpy in arc-jet flows [11-19]. Two early
formulations were proposed by Winovich [11]: an equilibrium-air sonic-flow relation for enthalpy and a companion
pressure-rise formulation derived from the same choking relations, with additional discussion of frozen-flow and real-
flow correction effects. While the equilibrium sonic-flow correlation has become standard in arc-jet analysis, the
companion pressure-rise formulation has seen limited subsequent adoption in the literature. The pressure-rise formu-
lation is based on the same sonic-flow relations and uses the increase in total pressure between cold-flow (arc-off) and
hot-flow (arc-on) conditions when the choked mass flow rate through the throat is matched for both test conditions.
Later updates to the sonic-flow method—including those developed by Shepard et al. [12], Thompson et al. [15], and
Palmer et al. [S]—continued to provide air-specific sonic-flow relations and correlations over restricted total pressure
and total enthalpy ranges. These relations remain widely used because they provide a practical and well-established
starting point for arc-jet analysis. Their sonic-flow basis shares the simplifying assumptions common to many choked-
flow methods, including one-dimensional, adiabatic, and isentropic nozzle flow, with equilibrium air typically serving
as the baseline formulation. Although correction procedures for frozen-flow and real-flow effects were considered in
the original Winovich work, the commonly used correlations remain primarily air-specific and are applied over finite
pressure and enthalpy ranges. Direct application to non-air mixtures, alternative chemistry models, or extrapolated
operating conditions requires caution.

In parallel, the energy-balance technique detailed in the ASTM E341-08 standard [18] estimates arc-gas enthalpy
from an integrated facility energy balance. In this approach, the energy retained by the flow is inferred from the electrical
power delivered to the heater after accounting for heat removed by coolant circuits in the cathode, arc column, anode,
mixing plenum, and nozzle. However, the uncertainty of this calorimetric approach can become significant when
coolant temperature rises AT are small, particularly when the inferred gas enthalpy is obtained from the difference
between large input-power and coolant heat-removal terms. A practical limitation of calorimetric approaches is that
they rely on facility-specific cooling architectures and well-resolved coolant energy balances. This dependence is
particularly restrictive for facilities, such as inductively coupled plasma (ICP) torches, where the flowpath and energy
addition mechanisms, including non-trivial RF power coupling and distributed losses, do not generally permit ASTM-
style coolant calorimetry in a form directly analogous to arc-heater designs [20].

More recently, non-intrusive optical and laser diagnostics, including absorption and fluorescence spectroscopy,
have demonstrated the capability to estimate reservoir temperature and enthalpy within the plenum of different high-
enthalpy facilities [19, 21-26]. These diagnostics provide high-frequency, non-intrusive measurements of local flow
properties, yielding detailed insight into the challenging environments of high-enthalpy facilities. However, such tech-
niques generally rely on equilibrium or near-equilibrium spectral modeling and on species-specific features. As a result,
implementation requires wavelength selection, laser hardware, and calibration procedures tailored to the gas mixture
of interest, which can limit diagnostic flexibility.



While bulk enthalpy remains the primary quantity of interest in arc-jet testing, the associated reservoir total temper-
ature is also difficult to quantify and provides an important descriptor of the thermodynamic state. Thermochemical
and non-equilibrium flow simulations exhibit strong temperature sensitivity through reaction rates, transport proper-
ties, internal energy mode excitation, and radiative emission [8, 27-30]. Likewise, interpretation of plasma diagnostics,
including optical emission spectroscopy, radiation modeling, and collisional-radiative analyses, requires temperature
information to relate measured signals to species populations and excitation states [22, 24, 31-35]. Although such
diagnostics may involve local or mode-specific temperatures, a consistent reservoir-scale total temperature provides a
useful reference state. Reliable estimates of total temperature are therefore also valuable.

Although the aforementioned approaches have proven effective within their intended domains, they exhibit limi-
tations when extended to modern arc-jet applications involving non-air mixtures, multi-species flows, or alternative
chemical assumptions. Such constraints can restrict generality, complicate direct application to mixed flows, and may
not explicitly enforce consistency between measured total mass flow, upstream total pressure, and thermochemical state
at the nozzle throat. This motivates the proposed thermochemically-closed sonic-flow inversion framework (TSIF),
which treats choking as the primary observation model and enforces a selectable thermochemical closure to infer bulk
enthalpy and total temperature in the reservoir upstream of a choked nozzle.

The present work makes three contributions. First, it reformulates the pressure-rise choking constraint as a characteristic-
velocity inversion with explicit thermochemical closure. Second, it introduces a cold-flow self-calibration that accounts
for repeatable departures from ideal quasi-one-dimensional choking without gas-specific empirical enthalpy correla-
tions. Third, it applies the framework to air, N, and CO,/N; mixtures under equilibrium and frozen assumptions,
demonstrating recovery of classical equilibrium-air sonic-flow scaling as a limiting case.

II. Inversion framework
The TSIF approach extends the classical air-focused sonic-flow framework of Winovich [11] through a thermochemically-
closed inversion formulated in characteristic-velocity space. Following the framework employed by Winovich [11], the
total mass flow rate through a choked, one-dimensional, homogeneous, adiabatic, isentropic nozzle is governed by:
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where m is the total mass flow rate, pg is the upstream total pressure, A, is the nozzle throat area, and c* is the
characteristic velocity corresponding to the upstream thermochemical state [36].

Instead of relying on published gas-specific sonic-flow relations or enthalpy correlations, the present method uses
NASA’s Chemical Equilibrium with Applications (CEA) code to construct a thermochemical relationship between char-
acteristic velocity (c*), total enthalpy (%), and total temperature (7p) at the measured upstream total pressure (pg) [37-
43]. The inversion is performed directly in c*-space, consistent with the governing choking constraint. CEA is used in
the present work because it is publicly available, widely used in high-temperature gas-dynamics applications, and pro-
vides a reproducible thermochemical closure for both equilibrium and frozen nozzle-flow calculations. The inversion
framework itself, however, is not specific to CEA. Any thermochemical solver capable of providing a self-consistent
c*—ho—Tp manifold for the specified upstream total pressure, gas composition, and chemical-relaxation model could be
used. Quantitative differences between solvers may arise from differences in thermodynamic databases, species sets,
reference enthalpies, condensed-phase treatment, and the implementation of the selected chemistry model.

Repeatable departures from the ideal quasi-one-dimensional choking model are incorporated into Eq. (1) through
an effective discharge coefficient (C4), which is calibrated from steady-state cold-flow (arc-off) measurements and
subsequently applied during hot-flow (arc-on) operation. In this formulation, C4 represents a facility- and nozzle-
level correction for the measured choked-flow response rather than a decomposition of individual flow or heat-transfer
mechanisms. The resulting C4-corrected characteristic velocity is then used to infer the corresponding hot-flow thermo-
dynamic state. The primary reported quantity is the net total enthalpy rise between hot-flow and cold-flow conditions,
denoted throughout this work as the bulk enthalpy diagnostic quantity, hy,x = Ahg. This diagnostic quantity is inferred
from the measured choking response of the facility, and its relationship with the classical mass-flux-weighted definition
of bulk enthalpy is discussed in §1I.E.

The inversion framework requires measurements of total mass flow rate, measured upstream total pressure during
cold-flow and hot-flow operation, nozzle throat geometry, cold-flow inlet temperature, and injected gas composition.
The governing observation model and thermochemical closure are formalized in the following subsection.



A. Governing relation and thermochemical closure

The upstream arc column is modeled as a quasi-one-dimensional reservoir feeding a choked nozzle throat of
area A; [36]. Equation (1) describes the ideal isentropic mass flow rate for sonic conditions at the throat (M; = 1).
Retaining the effective discharge coefficient C,; introduced in the opening discussion of this section, the corresponding
constant-y choking relation may be written as:
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where v is the effective specific heat ratio and R is the specific gas constant corresponding to the local thermochemical
state.
Equation (2) defines the measurement-based observation model. Re-arranging gives an effective characteristic

velocity:
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where cZ,, = poA;/mrt is the characteristic velocity obtained directly from the measured choking response.

exp
Equation (3) is shown in its compact constant-y form for reference. In practice, the thermochemical inversion

matches the corrected characteristic velocity ¢ to the characteristic velocity predicted by the CEA solution, which
accounts for temperature-dependent thermodynamic properties and chemistry effects. The corresponding thermody-
namic state is obtained by identifying the (7o, ho) pair on the CEA-generated thermochemical manifold at fixed total
pressure pg. In this work, iy (po, Tp) denotes the CEA-reported thermochemical enthalpy associated with the upstream
station 1 state. Since station 1 is modeled as a stagnation reservoir with negligible bulk kinetic energy, this quantity is
interpreted as the upstream total enthalpy /¢ and is referenced to a common baseline temperature 7f:

ho(po. To) = B> (po. To) — 1™ (po, Tref) Trer = 298.15K.. 4)

For interpretation, the referenced stagnation enthalpy of a reacting multi-species flow may be viewed schematically
as containing sensible, chemical-composition, and kinetic contributions:

hO = hsensible + hchemical + hkinetic P
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where Y; is the species mass fraction, ¢, ; is the species-specific heat capacity, Ah;’i is the standard enthalpy of for-
mation relative to the elemental reference state, and i is the bulk flow velocity [44]. Equation (5) is intended as a
schematic decomposition highlighting that high-enthalpy flows may contain substantial energy contributions associ-
ated with sensible heating, chemical composition, dissociation/recombination, and bulk kinetic energy. In the present
quasi-one-dimensional reservoir formulation, the upstream kinetic contribution is assumed negligible relative to the
total enthalpy. The inferred upstream state is governed primarily by the sensible and chemical components represented
within the CEA thermochemical solution. All enthalpies are expressed in MJ/kg.

Two limiting thermochemical relaxation models are enforced through CEA: equilibrium and frozen. In the equilib-
rium formulation, total pressure po and total temperature Tj are first used as inputs, and then CEA evaluates mixture
composition and thermodynamic properties for an ideal-gas mixture using Gibbs free-energy minimization subject
to elemental conservation. The species mass fractions adjust continuously with pressure and temperature according
to chemical equilibrium during quasi-one-dimensional acceleration from the reservoir stagnation state to the choked
throat condition. As a result, the resulting characteristic velocity c*(pg, Tp) reflects full thermochemical relaxation
consistent with equilibrium composition at the sonic state. This is the standard thermochemical equilibrium model
used in high-temperature gas dynamics.

In the frozen formulation, the reservoir composition is first established at the specified total pressure p( and total
temperature Tj state, after which the species mass fractions are held fixed during quasi-one-dimensional acceleration to
the throat. Chemical recombination is suppressed during acceleration, and the resulting ¢* reflects a non-equilibrium
limiting representation of the choked condition with composition frozen at the stagnation state. This corresponds to
the limiting case of infinitely slow chemical relaxation.



In both formulations, condensed phases are omitted and the mixture is constrained to remain gas-phase only. The
distinction between equilibrium and frozen solutions arises solely from the thermochemical relaxation model selected
within CEA. In practical arc-jet operation, the validity of these limits depends on the relative magnitudes of chemical
relaxation timescales and flow residence times, as well as the pressure level and degree of dissociation within the arc
column. Real arc-heater flows may exhibit partial non-equilibrium behavior lying between the equilibrium and frozen
limits. The present inversion framework does not explicitly resolve finite-rate or collisional-radiative chemistry; rather,
equilibrium and frozen compositions are treated as limiting thermochemical models within which the macroscopic
choked-flow inversion is performed.

Within this framework, CEA provides thermochemical closure through the selected chemistry model, while Eq. (2)
provides the compressible-flow observation model linking facility measurements to the upstream state. The two compo-
nents are coupled only through characteristic velocity, preserving structural separation between the measurement model
and the thermochemical state model. Previous sonic-flow formulations often employ the reciprocal of ¢* (the sonic-flow
parameter), and do not explicitly retain a separately calibrated discharge correction in the form used here [5, 11, 45, 46].

The cold-flow calibration that determines the discharge correction is described in §11.B; its application to the arc-on
inversion is then described in §1I.C.

B. Cold-flow reference state and discharge coefficient calibration

The first step of the inversion framework uses steady-state cold-flow (arc-off) measurements to establish the refer-
ence enthalpy 5 co1q and determine the discharge correction Cy for the run, as shown in Fig. 1. In this formulation,
C,4 maps the measured cold-flow choking response onto the ideal quasi-one-dimensional thermochemical prediction
for the same cold-flow stagnation state. It is treated as an effective facility- and nozzle-level correction for repeatable
departures from the ideal choking model, rather than as a decomposition of individual loss mechanisms.

Cold-flow thermodynamic properties are obtained from an equilibrium 7P problem evaluation for numerical ro-
bustness. The TP formulation is used for the cold-flow reference state because the CEA ROCKET calculation can be
numerically unstable near room-temperature conditions, whereas the TP problem provides a stable evaluation of the
same inlet thermochemical state:

crp = ¢1p(Po.colds To,cold) » (6)
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where Ty cold ® Tin under cold-flow conditions. At these temperatures, the equilibrium composition remains effec-
tively equal to the injected gas composition, so dissociation and ionization are negligible for the cold-flow reference
calculation.

The cold-flow characteristic velocity obtained directly from the steady-state experimental measurements is:

ho.cold = ho(Po,colds To,cold)
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The experimentally inferred cold-flow characteristic velocity from Eq. (8) is then compared with the ideal CEA
prediction from Eq. (6):
c1p(Po,cotds To,cold)

Ca= ©))

Coxp.cold (P0.cold)

For the present measurements, the calibrated values satisfy Cy < 1, consistent with an effective correction relative
to the ideal quasi-one-dimensional choking prediction. The inferred C; value is subsequently held fixed during hot-
flow inversion (see §I1.C). Differences between cold-flow and hot-flow operation are inferred through changes in the
upstream thermochemical state, not through adjustment of the discharge correction.

C. Hot-flow inversion

The second step of the inversion framework involves steady-state measurements during hot-flow (arc-on), as shown
in Fig. 1. For the hot-flow condition, CEA ROCKET is first used to construct a fixed-pressure thermochemical manifold
relating c]*;OCKET, hg, and Tp at the measured upstream total pressure pg hot:

CROCKET = CRockET (P0.hots T0,k) (10)
B3 (Poshots To.k) — h™* (Po.hots Trer) (11)

ho(po,hots To, k)
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Fig. 1 Process diagram illustrating TSIF for inferring bulk enthalpy and total temperature.

where the upstream total temperature is varied over a grid 1000 < Tp , < 12,000 K, mapped at every ATy = 25 K,
yielding paired values (ci;OCKET( Po.hots 10.x)> ho(Po hots To,k)). This pre-inference mapping defines a single-valued
thermochemical manifold:
Crocker < ho, (12)
for fixed po,not, gas composition, and chemistry model (equilibrium or frozen).
Independently, the characteristic velocity obtained directly from the steady-state hot-flow measurements is:

C:xp,hot (pO,hot) =

A
pO:lot t (13)

The cold-flow calibration described in §II.B provides the discharge correction used to compute the effective char-
acteristic velocity for the hot-flow inversion:

A
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The discharge correction modifies only the query location in ¢*-space; it does not alter the CEA-generated thermo-
chemical manifold.

Substituting the cold-flow calibration from Eq. (9) into Eq. (14) gives an equivalent pressure-rise form:

. ; MTcold | [ P0hotAr
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eff = TP Po,coldAr |\ 1T hot
For matched cold-flow and hot-flow mass flow rates, 7t hot = T cold, the throat area and mass flow ratio cancel:
P0,hot
cop = crp(Po.colds To,cold) ( ) . (16)
Po,cold
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Fig.2 Quasi-1D station definition used in the CEA ROCKET formulation: station 1 represents the stagnation
reservoir and station 2 represents the choked nozzle throat.

Equation (16) is a central result of the formulation because it shows that the self-calibrated method is fundamentally
a thermochemically-closed pressure-rise technique expressed in c*-space. It also shows that A, cancels exactly and
that common-mode mass flow calibration uncertainty cancels when cold-flow and hot-flow total mass flow rates are
matched.

The inversion then consists of matching the experimentally derived query value ¢’ to the precomputed ¢ pr—"0
manifold and interpolating to recover the corresponding thermochemical state:

honot = I (i {crocker (Po,hots T0,k)s 1o (Pohots To.x) }) - (7

Here I denotes bounded linear interpolation in c¢*-space. The interpolated manifold point yields both the inferred arc-on
total enthalpy /o nhot and the corresponding total temperature Tp hot, because each point on the pre-inference mapping is
associated with a prescribed T x. For the thermochemical states considered here, the CEOCKET_hO relationship remains
monotonic over the admissible temperature range for both thermochemical models (equilibrium and frozen), ensuring
a unique inversion.

Figure 3 illustrates an example thermochemical manifold for an equilibrium 95% CO,/5% N mixture at fixed
total pressure po hot- The experimentally derived value ¢ defines the query location in ¢*-space, while the manifold
itself is determined entirely by the selected CEA chemistry model at the measured upstream total pressure pgy. The
inferred thermochemical state corresponds to the unique manifold point whose characteristic velocity matches the
measured choking response. For the illustrated case (it = 0.30 g/s, ponot = 32.5 kPa, po cold = 5.3 kPa, Tip = 295 K,
Trer = 298.15 K), the inversion yields Ao nor = 18.9 MJ/kg and T pot = 5465 K (assuming equilibrium chemistry).

The primary derived diagnostic quantity reported in this work is the net total enthalpy rise between hot-flow and
cold-flow conditions:

houik = Aho = ho,hot = ho,cold » (18)

where hyyk is used throughout this paper to denote the inferred bulk enthalpy diagnostic quantity. For the case shown
in Fig. 3, hocoa = —0.0026 MJ/kg because the cold-flow inlet temperature 7i, = 295 K is close to the reference
temperature Trer = 298.15 K. This gives Apux = Ahg = hopnot for this case. The inlet temperature T, enters the
reported bulk enthalpy only through the cold-flow reference enthalpy /¢ co1q (see §11.B); the hot-flow state (/0 nhot» 70 hot)
is obtained independently from inversion of ¢ at the measured pohot- For consistency with the thermodynamic
definition, all reported values are nevertheless computed as Ao hot — £0,cold-

The present method constitutes an independent thermochemical framework. Agreement or discrepancy with bulk
enthalpy values inferred using empirical correlations, calorimetric standards, spectroscopic diagnostics, or CFD-based
approaches should be interpreted in light of combined experimental uncertainty, diagnostic sensitivity, and modeling
assumptions. In practice, calorimetric approaches depend on multiple independently calibrated measurements and may
exhibit elevated relative uncertainty when coolant temperature rises are small. Spectroscopic methods introduce line-
of-sight integration and model-form sensitivities associated with spatial inhomogeneities and non-equilibrium plasmas.
By comparison, the present inversion relies primarily on measurements of upstream total pressure and total mass flow
rate, concentrating uncertainty into a smaller set of directly measurable quantities, notably po_not, Po.cold» and #it, that
can be propagated explicitly in an uncertainty analysis.



for a steady-state arc-on po not 8000
50 \/\ 7000

40 4 6000
= I
an ] (%)
<4 30 coﬁep‘ 5000 -
=20 4 Bk S exp, hot 4000 &
10 3000
0 L
o o= Tght_---- 4000 2000
2000 <= 3000
4000 6000 1000 2000 1000
Ty [K] 0 CROCKET [m/s]

Fig.3 Characteristic-velocity inversion manifold at fixed ponot: CEA-predicted ¢, xpp Plotted against total
enthalpy £ and total temperature 7. The inferred thermochemical hot-flow state (/¢ not, T0,hot) cOrresponds to

the manifold point matching the C;-corrected experimental query value c3y = Cy4 c:Xp hot*

D. Uncertainty analysis

Since the inversion is performed in characteristic-velocity space, the sensitivity of the inferred thermochemical state
can be interpreted directly through perturbations in the effective characteristic velocity. Using Eq. (14) for the effective
hot-flow characteristic velocity, the relative standard uncertainty may be approximated as:

2 2 2 2 2
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As shown by Eq. (16), when the cold-flow and hot-flow mass flow rates are matched for the same nozzle geometry,

the throat area cancels exactly and common-mode mass flow calibration uncertainty cancels. In this matched-flow
pressure-rise form, the leading uncertainty in the corrected characteristic-velocity query is associated with the measured

pressure ratio:
( O—C;ﬁ‘ )2 ( O-p() hot )2 ( O-I?o cold )2
— | = - + - , (20)
Ceff P0,hot Po,cold
where uncertainty in the cold-flow thermochemical reference value ¢y (Po,colds To cola) is neglected relative to the pres-
sure measurements. Equation (19) is retained as a conservative independent-input sensitivity form; the inclusion of A;,
mt, and Cy likely overestimates the uncertainty in ¢ for matched-flow operation.

Since ho not is obtained by interpolation on a monotonic CEOCKET_hO manifold at fixed po hot, the fixed-pressure
contribution to the enthalpy uncertainty may be approximated locally as:
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The compact sensitivity form in Eq. (21) represents the local response along a fixed upstream total pressure ther-
mochemical manifold. The same analysis applies to the cold-flow enthalpy estimate. A full uncertainty propagation
would also account for perturbations of the manifold itself due to uncertainty in the upstream total pressure pg for the
corresponding hot-flow or cold-flow state.

The uncertainty in the reported bulk enthalpy diagnostic quantity is then obtained by propagating Eq. (18). Neglect-
ing covariance between the hot-flow and cold-flow enthalpy:

2 2
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E. Scope, strengths, and limitations

It is important to clarify the thermodynamic interpretation of the inferred quantities, together with the principal
assumptions and limitations of the quasi-one-dimensional formulation. In arc-jet practice, bulk enthalpy typically
denotes a mass-flux-weighted cross-sectional average:

uh dA

h = Lypuid (23)

/ L pudA

where p is density, u is velocity, and A is cross-sectional area, such that regions carrying higher mass flux dominate
the bulk enthalpy value (e.g., the arc core relative to the near-wall boundary layer) [13].

Similar to Eq. (23), Eq. (18) does not resolve spatial temperature, velocity, or species inhomogeneities [47, 48].
Accordingly, when such inhomogeneities are significant, the inferred thermodynamic state from which Apyk is derived
using Eq. (18) remains meaningful, but should be interpreted as the effective condition governing nozzle choking rather
than as a strict mass-flux-weighted cross-sectional average of the upstream reservoir.

Reservoir inhomogeneity can arise through three primary fields in high-enthalpy flows: temperature, velocity, and
species composition. First, temperature gradients affect the inferred state through the same mass-flux weighting implicit
in Eq. (23). Cold boundary layers, core—annulus structure, or other radial temperature gradients can cause cooler, denser
regions to contribute disproportionately to the choked mass flow. The resulting choking response may then correspond
to an effective thermodynamic state below the peak core condition, even though it remains representative of the flow
state controlling the measured mass flux. Second, velocity inhomogeneity introduces ambiguity through the kinetic-
energy contribution in Eq. (5). Strong swirl or organized reservoir motion can place a portion of the total enthalpy in
ﬁz/ 2, whereas the station 1 formulation assumes a stagnation reservoir with i = 0. In that case, the inversion maps a
velocity-dependent choking response onto a single thermochemical state. The sign and magnitude of the resulting bias
depend on the pressure measurement location, the velocity profile, and the extent to which organized kinetic energy
contributes to the effective choked mass flux. Third, species inhomogeneity introduces ambiguity because ¢* depends
on both thermodynamic state and mixture properties — including MW, vy, heat capacity, and chemical composition. If
the composition field near the throat is stratified, the measured choking response reflects an effective composition- and
mass-flux-weighted behavior rather than a unique equilibrium or frozen state for the prescribed bulk mixture. In such
cases, a single inferred Ao not and To not pair should be interpreted as an effective choking-equivalent state, not as a fully
resolved description of the reservoir.

Within this scope, the framework builds upon previous approaches and provides several practical advantages. The
inversion is agnostic to test gas and relaxes common single-gas and equilibrium assumptions. It also avoids reliance
on energy-balance formulations, temperature-difference measurements, empirical correlations, specialized optical di-
agnostic setups, or CFD simulations. The method is fully non-intrusive, relies on existing facility instrumentation and
open-source thermochemical software, and can be implemented in existing arc-jet facilities without additional diagnos-
tic hardware.

Although the present data was obtained in a single arc-jet facility, the framework is expected to remain facility-
agnostic in formulation, provided the following principal assumptions that define the applicability of TSIF remain
valid:

1) Fully choked-flow at the nozzle throat.

2) Steady-state conditions during cold-flow and hot-flow measurements.

3) Quasi-one-dimensional upstream reservoir represented by a single effective stagnation state.

4) Negligible upstream kinetic energy relative to total enthalpy (M < 0.3).

5) Gas-phase thermochemical closure governed by a selectable CEA model (equilibrium or frozen).

6) The discharge coefficient calibrated under cold-flow remains representative during hot-flow operation.

When these assumptions are reasonably satisfied, the present inversion yields a bulk enthalpy quantity that can be
meaningfully compared with values inferred using classical sonic-flow, pressure-rise, and calorimetric temperature-rise
methods.

IT1. Experimental methods
Experimental measurements were obtained using the mARC II arc-jet facility to provide the flow observables re-
quired by the thermochemical inversion method. The facility configuration, test matrix, and measured quantities used
in the analysis are summarized in this section.



A. Arc-jet facility

The mARC II facility is a 30 kW segmented-constricted arc-heater at NASA Ames Research Center. The arc-heater
is powered by a Hypertherm MAX?200 plasma system, which provides both electrical input and gas-flow control. The
device was developed to accelerate the maturation of advanced diagnostics, instrumentation strategies, and material
screening methodologies in a laboratory-scale arc-jet environment [5, 35, 46, 49-57]. The overall architecture draws
inspiration from larger segmented-constricted facilities at the NASA Ames Arc-Jet Complex [58, 59].

The heater consists of an internal cathode, a modular stack of electrically insulated constrictor disks, an anode, and a
convergent—divergent nozzle (see Fig. 4). The second disk has a pressure tap to measure the reservoir pressure upstream
of the nozzle. This is the pressure used in the inversion. Since the local Mach number in this region is negligible [60],
the measured static pressure is treated as the station 1 total pressure in the quasi-one-dimensional formulation. Once
a stable arc column is established, the heated plasma expands through the nozzle into a vacuum test chamber operated
at medium vacuum conditions [61]. For all analyzed cold-flow and hot-flow plateaus, the measured the measured
downstream-to-upstream pressure ratio p,/po remained below the critical pressure ratio for the corresponding gas
mixture, so the nozzle was treated as fully choked.

Two heater configurations are employed: “2+0” and “3+1.” The first digit denotes the number of constrictor disks
between the cathode and the anode, while the second indicates the number of disks located between the anode and the
nozzle (often referred to as a mixing plenum segment in the literature). This modular architecture enables variation of
effective arc length and plenum volume, thereby altering reservoir pressure, residence time, and mixing characteristics
upstream of the nozzle throat.

B. Test matrix and measured quantities

The experimental campaign was designed to evaluate the inversion framework across user-selected gas compo-
sitions, mass flow rates, arc-current settings, and heater geometries representative of mARC II operation, with the
resulting electrical input power determined by the realized arc voltage—current response. The complete test matrix,
including user-selected operating conditions and measured quantities, is summarized in Table 1. For each run, the
measured quantities required by the inversion algorithm are:

¢ Total mass flow rate .

* Cold-flow total pressure po cold-

* Hot-flow total pressure po hot-

* Gas mixture composition ;.

* Nozzle throat area A, (fixed by geometry).

Electrical current and input power are reported for completeness, but are not directly used in the thermochemical
inversion. Instead, they provide contextual information regarding heater operating condition and repeatability. Three
test gas mixture compositions were investigated to benchmark the inversion framework across chemically distinct en-
vironments:

1) CO2/N; (Yco, =95%, YN, = 5%) ,

2) Air (Yair = 100%) ,

3) Na ('n, = 100%) .

These mixtures span strongly dissociating air plasmas, single-species nitrogen, and multi-species Mars-relevant
mixtures with significant vibrational and dissociation coupling [62]. Conditions A through G span variations in plasma

(a) 2+0 arc-heater configuration

%

(b) 3+1 arc-heater configuration

anode

cathode . .

)

anode
(+)

cathode

O disk 1 disk 2 disk 3 disk+1'

/\@

Fig. 4 Segmented-constricted mARC II: 2+0 and 3+1 arc-heater configurations.
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Table 1 Experimental test matrix and inferred thermochemical states for mARC II. All enthalpies are refer-
enced to Trer = 298.15 K.

Cond. Run Heater Plagsargla Sl;;iaeéd Luc Puc  1MT  Ponot Pocold Pojhot  Cq hpon By Tgf}mt Tgfhot
[A] [kW] [g/s] [kPa] [kPa] po,cold [MJ/kg] (K]
A 1 240 CO;7 (95%) N, (5%) 200 18.9 030 33.1 53 6.3 0.84 194 21.5 5616 6026
A 2 240 CO; (95%) N (5%) 200 18.8 0.30 33.0 5.2 6.3 0.85 19.6 22.0 5667 6091
A 3 240 CO;3 (95%) N3 (5%) 200 19.8 0.30 327 54 6.1 0.83 18.9 20.3 5454 5816
A 4 240 CO; (95%) N, (5%) 200 18.8 0.30 333 54 6.2 0.83 19.2 21.1 5570 5967
A 5 240 CO7 (95%) N; (5%) 200 18.3 030 31.6 5.2 6.0 0.85 18.6 19.7 5359 5692
A 6 240 CO;3 (95%) N (5%) 200 18.6 0.30 31.8 5.2 6.1 0.85 18.8 20.2 5443 5803
A 7 240 CO;7 (95%) N (5%) 200 18.8 0.30 325 53 6.1 0.84 18.9 204 5465 5831
B 8 240  Air (100%) - 40 5.0 025 219 6.0 37 073 5.0 59 3185 3401
C 9 240  Air (100%) - 150 10.8 0.25 272 6.0 45 0.73 93 10.0 4585 4848
C 10 240 Air (100%) - 200 154 0.25 275 5.7 48 0.76 103 11.8 4925 5281
D 11 3+1 Air (100%) - 150 19.2 0.50 574 135 42 0.65 7.8 8.5 4063 4331
E 12 3+1 Air (100%) - 150 23.1 0.80 81.1 21.2 38 066 56 65 3488 3714
F 13 240 N; (100%) - 100 89 0.285 21.5 5.6 39 091 4.8 49 4080 4144
G 14 3+1 N; (100%) - 50 74 040 292 89 33 080 3.3 33 3025 3026
G 15  3+1 N, (100%) - 150 16.2 040 38.1 8.8 43 081 64 7.3 4838 5088

composition, heater configuration (2+0 vs. 3+1), mass flow rate, and pressure ratio. This diversity enables evaluation of
the monotonicity, robustness, and chemistry sensitivity of the c-xgr—ho inversion across a broad parametric space.
Condition A includes repeated runs at nominally identical operating settings in order to quantify measurement repeata-
bility and assess the stability of the inferred bulk enthalpy and total temperature.

IV. Results

This section presents the thermochemical states inferred from the characteristic-velocity inversion and examines
how they vary with arc power, specific electrical energy input, gas composition, heater configuration, and chemical
model. Internal consistency is then assessed through the self-calibrated discharge coefficient and the hot-flow (arc-
on)/cold-flow(arc-off) pressure ratio, followed by comparison of the inferred enthalpies with the classical equilibrium—
air sonic-flow correlations of Winovich [11]. Throughout this section, ¢ xgr denotes the CEA-predicted characteris-
tic velocity defining the CEOCKET—hO manifold at fixed pg not, Whereas c;ﬁ, denotes the discharge-corrected experimental
query value. The inferred hot-flow state is the unique manifold point (/9 hot, 70.hot) that matches c:ﬂ.

Figure 5 shows representative time histories for steady-state plateaus used in the inference (rit, po cold, P0.hot)-
Cold-flow measurements may be acquired either prior to or following hot-flow operation, depending on facility-specific
constraints. In the mARC II arc-jet, such measurements can be performed both before and after arc-on conditions due
to the flexibility of the Hypertherm MAX200 power supply, which allows test gas to continue flowing after arc-off.
In contrast, at larger arc-jet facilities at NASA Ames Research Center, post-test cold-flow measurements may require
substantial power-supply or operating-procedure modifications; as a result, cold-flow operation would likely be limited
to pre-arc conditions.
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Fig. 5 Representative measured inputs to the inversion algorithm (Run 8): total mass flow rate mt and up-
stream total pressure p( during cold-flow (arc-off) and hot-flow (arc-on) states.

A. Inferred thermochemical states (Apuik, T0,hot)

Figure 6 summarizes the thermochemical states inferred from the characteristic-velocity inversion for all test gases
and heater configurations. The reported thermochemical state corresponds to the arc-on pair (£, hot, Z0,hot) Obtained at
the measured p nor under the selected thermochemical relaxation model (equilibrium or frozen). The primary reported
diagnostic is the bulk enthalpy rise Ay, while the corresponding total temperature Tp po provides a thermodynamically
consistent temperature scale associated with the inferred reservoir state.

The top row of Fig. 6 presents the inferred states as a function of arc power Py, providing an operational view
of how the thermochemical state varies with facility input conditions. The bottom row replots the same states as a
function of the specific electrical energy input P, /mT, which provides an energetic interpretation of the arc-heater
operating point independent of the particular mass flow configuration. Together, these views illustrate how the inferred
bulk enthalpy and total temperature respond to variations in electrical power, mass flow rate, gas composition, and
thermochemical model.

1. Arc power and specific energy sensitivity

For subsets in which gas composition, heater configuration, and mass flow rate are approximately fixed, both Ay
and Tp not increase with arc power, as shown in Fig. 6(a,b). This behavior follows directly from the energy balance in
arc-heated flow, in which the bulk enthalpy scales approximately with the specific electrical energy input:

P
] ( mT) , (24)

where P, is the electrical input power, mit is the total mass flow rate, and n represents the effective electrical-to-gas
coupling efficiency including integrated losses. At fixed ritt, increasing Pa increases the specific electrical energy
deposited into the flow, leading to higher inferred bulk enthalpy. The corresponding temperature response depends on
how the deposited energy partitions between sensible heating and thermochemical modes, which varies strongly with
gas composition (see §IV.A.3).

The CO,/N, cases (Condition A) correspond to nominally repeated operating conditions rather than a deliberate
power sweep. Consequently, the modest spread in measured P, within this set should be interpreted as run-to-run
realization variability. Although Run 3 exhibits the highest measured electrical power within this cluster, it also yields
a slightly lower pressure ratio and lower c; than several neighboring runs. Because the inversion is constrained by the
measured choking observables, the inferred thermochemical state for this run is correspondingly lower. This behavior
reflects repeatability scatter at nominally fixed conditions rather than a physically meaningful inverse dependence on
arc power. The repeated CO,/N; condition also provides a direct repeatability check on the inversion. Across seven

nominally repeated runs, the equilibrium solution gives hy. = 19.06 + 0.36 MJ/kg and 7,1 = 5511 + 109 K,
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Fig. 6 Inferred thermodynamic states bulk enthalpy Ay, (a,c) and total temperature T o (b,d): top row as a
function of arc power Py, (operational interpretation); bottom row as a function of specific energy input Py, /rit
(energetic interpretation). Error bars indicate 10

corresponding to run-to-run scatters of approximately 1.9% and 2.0%, respectively. The corresponding frozen solutions
give hf)ru]k =20.74+0.81 MJ/kg and Toffhot = 5889 + 142 K. These repeatability levels indicate that the inversion is
stable for nominally repeated CO,/N; operation, with the observed spread attributable primarily to run-to-run operating
variability.

The energetic interpretation is illustrated in Fig. 6(c,d), where the same states are plotted against the specific energy
input Py /mt. When expressed in this form, the inferred bulk enthalpy exhibits an approximately linear dependence on
specific energy input, consistent with Eq. (24). The corresponding total temperature also increases with specific energy
input, as shown in Fig. 6(d). Over the range investigated (20 < Py /mt < 70 MI/Kg), the data exhibit an approximately
linear dependence, yielding the empirical fit indicated in the figure. The fitted intercept should not be interpreted as a
physical limit, since extrapolation toward lower specific energies would imply temperatures well above realistic inlet
conditions. A quadratic fit yields comparable regression quality but produces similarly nonphysical extrapolation. A
different functional relationship may apply outside the present range and should be examined when additional data
below 20 MJ/kg become available. The linear relation is best interpreted as a local approximation valid within the
specific-energy regime explored in the present experiments.

In contrast, the 3+1 cases presented here produce lower Ay, and Ty nor despite operating at comparable or higher
arc powers. This behavior primarily reflects the larger total mass flow rates used for those runs; according to Eq. (24),
increasing mt reduces the specific electrical energy input per unit mass and thereby lowers the inferred enthalpy and
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total temperature. The additional plenum segment in the 3+1 heater increases upstream volume and internal surface
area, which may also increase wall heat transfer prior to the nozzle. However, the present dataset does not independently
separate this possible configuration effect from the dominant reduction in specific energy input.

Gas-to-gas differences further reflect thermochemical energy partitioning, but the trends in hpyyx and T pot are
not identical. Among the tested conditions at comparable arc power levels, the inferred bulk enthalpy is highest for
CO,/N,, followed by air, and then pure N,. This ordering reflects composition-dependent heat capacity, dissociation,
and species redistribution, as described by Eq. (5). Mixtures containing O, or CO, can store a larger fraction of the
deposited electrical energy in chemical and internal modes, leading to greater bulk enthalpy at similar power input. The
corresponding total temperature does not follow the same simple gas ordering because it depends on how the deposited
energy is partitioned between sensible heating and thermochemical storage.

Taken together, the trends in Fig. 6 show that the inferred thermochemical states respond consistently to variations
in electrical input, mass flow rate, heater configuration, and gas composition, supporting the physical consistency of
the thermochemically-closed inversion framework.

2. Thermochemical consequences of nitrogen—air substitution

At comparable arc power levels (~16 kW), 100% air and 100% N, produce similar inferred total temperatures
(To.not = 5,000 K), yet their bulk enthalpies differ substantially (Fig. 6). This behavior reflects the strong composi-
tion dependence of thermochemical energy storage in high-temperature reacting gases. As expressed schematically
in Eq. (5), the bulk enthalpy of an arc-jet flow mixture includes both sensible thermal energy and chemical energy
associated with dissociation and species redistribution. Because air contains O, which dissociates more readily than
Nj, the effective heat capacity and chemical energy storage differ significantly between air and pure N, at comparable
total temperature. Equal Tp phor does not imply equal Ay, so total temperature alone is insufficient to characterize the
energetic state of arc-heated flows. By contrast, Ay, provides an energy-consistent metric across mixtures because it
captures both sensible and composition-dependent thermochemical contributions referenced to Tier.

This distinction is particularly relevant because pure nitrogen is often used as a surrogate for air in ground facilities
to reproduce high-temperature conditions representative of Earth entry environments [63—69]. For comparable Tg hot,
the bulk enthalpy of pure N is substantially lower than that of air because the absence of oxygen eliminates an important
thermochemical energy-storage pathway [70]. Since enthalpy strongly influences convective heating and the chemical
energy available in the shock layer, substituting N, for air can underestimate the energetic state of the flow even when
the total temperature appears comparable. These results highlight the importance of working-gas composition in arc-jet
test design and reinforce the value of thermochemically resolved flow characterization.

Beyond facility-state interpretation, this composition sensitivity also affects how inferred conditions are used in
downstream aerothermal analysis. In high-enthalpy arc-jet environments, stagnation-point heat-transfer correlations
for dissociating gases, such as those of Marvin and Deiwert [71], depend directly on the freestream energetic state and
associated thermochemical transport properties. Likewise, inverse analyses used to infer catalytic surface properties
from measured heat fluxes, such as the framework described by Stewart [6], require a reliable reconstruction of the
freestream and shock-layer thermochemical state. In that context, uncertainty in bulk enthalpy propagates into both
predicted heating levels and inferred surface reaction parameters. The present inversion framework provides not only a
means of estimating the bulk thermochemical state itself, but also a thermodynamically consistent input for subsequent
heating and surface-catalysis analyses in arc-jet testing.

3. Effect of chemical model

Across all test conditions shown in Fig. 6, the frozen-chemistry model yields inferred bulk enthalpy Apyx and total
temperature Tp nor values that are equal to or higher than the corresponding equilibrium values. This behavior follows
from the thermochemical partitioning of energy described by Eq. (5). Under equilibrium assumptions, species mass
fractions adjust continuously with temperature and pressure as the flow accelerates toward the sonic condition, allowing
partial recombination as the gas cools. This redistribution of chemical and sensible energy modifies the thermodynamic
properties at M; = 1 and therefore the predicted characteristic velocity ¢ xpr(P0, T0). Matching the same measured
¢l requires a lower inferred reservoir state under equilibrium chemistry.

In contrast, the frozen model constrains the composition to remain fixed at the stagnation state during acceleration
toward the throat. Chemical energy stored in dissociated species cannot relax through recombination, and the thermo-
dynamic properties at the sonic condition reflect the frozen composition. A higher total temperature and bulk enthalpy
are then required to satisfy the same measured normalized mass flux riit/(CgAs Po.hot)-
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Fig.7 Relative chemical-model sensitivity of the inferred bulk enthalpy Aj;, from Eq. (25) plotted against equi-

librium bulk enthalpy k! for all gases and heater configurations. Error bars indicate +10" uncertainty.

The difference between the two models depends strongly on the level of thermochemical activity. For the lowest-
power nitrogen cases (Conditions F and G at Py, < 10 kW), equilibrium and frozen predictions are nearly identical
because N, dissociation remains weak, leaving the chemical energy contribution in Eq. (5) small.

A contrasting behavior is observed for air at the lowest-power condition (Condition B at P, = 4.7 kW), where the
frozen and equilibrium predictions differ by hgulk - hg?ﬂk ~ 1 MJ/kg and Té’rhot - Tg’iot ~ 225 K. Unlike pure Ny, air
contains Oy, whose dissociation onset occurs at lower temperatures. Oxygen-related chemistry therefore contributes
measurable chemical energy storage even in this lower-power regime, producing a finite model sensitivity in both Ay
and 7o hot-

The relative difference between frozen and equilibrium enthalpy predictions generally increases with equilibrium
bulk enthalpy for fixed-mixture subsets, as shown in Fig. 7. The chemical-model sensitivity is quantified by the relative

enthalpy offset:
hfr eq

—h
Ay = w)xm%, (25)

bulk

where the two inferred states correspond to the same measured riit, po.cold> Po,hot> and gas composition, but different
thermochemical relaxation assumptions in the CEA ROCKET formulation. Physically, A, measures how strongly the
inferred reservoir state must shift when recombination is either permitted (equilibrium) or suppressed (frozen): when
equilibrium recombination is significant, quasi-one-dimensional acceleration to the choked condition redistributes inter-
nal chemical energy into sensible modes, modifying the sonic-state thermodynamic properties. The same choked-flow
constraint can therefore be satisfied at a lower inferred reservoir temperature and enthalpy, leading to hf)rulk > hi?]lk and
Ah > 0.

For 100% N, A increases monotonically with equilibrium bulk enthalpy because the onset and growth of N;
dissociation progressively amplify the difference between recombining (equilibrium) and non-recombining (frozen)
thermochemical relaxation. At low enthalpy the equilibrium and frozen compositions remain similar, so thermochemi-
cal relaxation has little influence on the sonic-state properties and Ay, = 0. As hﬁﬂlk increases, the dissociation fraction
rises and recombination becomes increasingly important in the equilibrium solution. The frozen model requires a larger
upward shift in the inferred reservoir state to satisfy the same measured choking constraint.

For CO,/Nj (95%/5%%), Ay, also increases with hf)?ﬂk but with a different slope because the governing chemistry is
dominated by carbon—oxygen partitioning (e.g., CO; = CO + O) rather than the higher-temperature onset of N disso-
ciation. As the mixture enthalpy increases, equilibrium relaxation increasingly redistributes chemical energy through
recombination pathways that modify the sonic-state thermodynamic properties. Under frozen chemistry this redistribu-
tion is suppressed, leading to a growing separation between the two solutions and an increasing Aj,. The relatively tight
clustering of the CO,/N; points further indicates that, for a fixed mixture, the inferred chemical sensitivity is governed
primarily by thermochemistry rather than configuration-dependent departures from ideal choking, which are already
represented through the self-calibrated Cy.
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The air dataset does not collapse monotonically when plotted against h;?ﬂk alone. A plausible explanation is that

the equilibrium—frozen separation depends not only on energy content, but also on the total pressure at which the
equilibrium composition is evaluated. Higher pg pot promotes molecular recombination, reducing dissociation fractions
at a given enthalpy and limiting recombination-driven thermochemical relaxation. As a result, A;, may decrease even
as hf)?ﬂk increases when pressure effects partially offset the growth in dissociation-driven thermochemical activity. The
apparent dip at intermediate enthalpy should be interpreted as suggestive of pressure-sensitive equilibrium chemistry
rather than as a definitive universal trend. A complete collapse of Aj, would generally require conditioning on both h;?ﬂk
and po not; however, stratifying the air dataset by configuration or pressure bins is limited by the number of available
operating points in the present campaign.

Overall, Fig. 7 supports the internal physical consistency of the inversion framework. The chemical-model sensitiv-
ity is small when dissociation is weak, increases as thermochemical activity grows within a given mixture, and varies
across gases in a manner consistent with their underlying reaction mechanisms. In particular, the distinct behaviors
observed for N, CO,/N», and air indicate that the framework responds to mixture-dependent thermochemistry, while

remaining anchored to the same measured choked-flow constraint.

4. Arc-jet efficiency

The inferred bulk enthalpies can also be used to estimate an arc-jet efficiency for each gas and thermochemical
model. From Eq. (24), the slope of hpyx With respect to the specific energy input P, /mt provides the effective
electrical-to-gas coupling efficiency 7. In this context, 7 should be interpreted as an efficiency inferred from the sonic-
flow inversion and the measured electrical input, rather than as an independent calorimetric measurement of individual
energy-transfer pathways.

To estimate 77, a weighted least-squares regression of Eq. (24) was performed for each gas and thermochemical
model, with the fit constrained through the origin, as shown in Fig. 6(c). Each data point was weighted by the inverse
variance of the inferred bulk enthalpy. The regression slope provides the mean TSIF-inferred efficiency for the corre-
sponding dataset. Figure 8 shows the efficiencies inferred from individual operating points to illustrate the measurement
dispersion about the regression mean.

For the CO,/N, mixture, the inferred efficiencies cluster between approximately 29% and 35% over the investigated
range of specific energy input. The measurements scatter about the regression mean without a clear systematic trend
with Py /mt. For air, efficiencies range between roughly 20% and 29%. This dataset exhibits the largest apparent
spread, although the limited number of measurements and overlapping uncertainty bounds make it difficult to identify
a statistically significant dependence on specific energy input. For pure Ny, the efficiencies fall within a relatively
narrow band of approximately 15% to 18%. The measurements form a compact cluster with little variation across the
investigated energy range, consistent with an approximately constant efficiency within the experimental uncertainty.

i. Physical interpretation of gas trend

The relative magnitude of the inferred efficiencies follows a physically plausible trend with gas composition. Under
equilibrium assumptions, the regression yields necqoz N = 30.3% > nZ?r =19.5% > 77;?2 = 16.5%, as shown in Fig. 6(c).
These values are TSIF-inferred gas-coupled efficiencies for the present operating envelope.

The observed ordering is consistent with composition-dependent thermochemical energy storage, as suggested by
the decomposition in Eq. (5). Within the present reservoir formulation, the upstream kinetic contribution is assumed
negligible, so gas-to-gas differences in the recovered kg arise primarily through the sensible and chemical-composition
terms. From a thermodynamic perspective, the availability of additional internal energy modes increases the effective
heat capacity of the gas, allowing deposited energy to be accommodated through vibrational excitation, molecular
dissociation, and species redistribution without a proportional increase in temperature. This increase in effective heat
capacity is associated with a reduction in the instantaneous effective specific heat ratio y = ¢, /c, and provides a
plausible mechanism by which the same electrical input can produce different recovered bulk enthalpies for different
gases.

In CO;-containing mixtures, deposited energy can be accommodated through vibrational excitation, molecular
dissociation, and carbon—oxygen species redistribution, affecting both the sensible and chemical-composition contribu-
tions in Eq. (5). Air exhibits intermediate behavior because both O, and N, dissociation contribute to the thermochem-
ical energy budget, whereas pure Nj is limited primarily to vibrational excitation and dissociation of a single diatomic
species over the present temperature range.

At the same time, the present measurements do not independently separate retained gas enthalpy from electrode
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Fig. 8 Arc-jet efficiency 7 as a function of specific energy input Py, /nt.

heat transfer, wall heat transfer, radiation, arc attachment, or gas-dependent electrical coupling. The efficiency order-
ing should be interpreted as an effective thermochemical trend inferred from the sonic-flow inversion, not as a direct
measurement of the underlying energy partition.

ii. Explanation of constant efficiency
The approximately constant efficiency observed across the investigated range of specific electrical energy input is also
physically reasonable. Arc-jet efficiency is governed primarily by discharge characteristics, electrode losses, wall heat
transfer, and radiative emission within the plasma column. These mechanisms depend strongly on gas composition and
facility geometry, but may vary only weakly with specific energy input over a limited operating regime.

The limited number of operating points in the present dataset further restricts the statistical power required to resolve
a weak dependence of  on P, /my. Within the explored operating envelope, the efficiency appears approximately
constant with specific energy input, which is consistent with the internal behavior of the inversion framework.

B. Discharge coefficient and pressure ratio scaling

Figure 9 provides additional consistency checks on the inversion framework through examination of the self-
calibrated discharge coefficient and the hot-flow/cold-flow pressure ratio. For a given gas and heater configuration,
the discharge coefficient C; remains approximately constant across arc power, with variations contained within the
+10 bands shown in Fig. 9(a). This relative stability indicates that the cold-flow calibration captures repeatable
configuration-dependent departures from ideal quasi-one-dimensional choking, rather than introducing an artificial
coupling between Cy and the inferred thermochemical state.

The 240 configuration consistently yields higher C; values than the 3+1 configuration, reflecting differences in the
effective choked-flow response of the two heater geometries. As discussed in §II.B, Cy; is an effective facility- and
nozzle-level correction, not an isolated nozzle coefficient. The lower C; observed in the 3+1 configuration is consis-
tent with its larger upstream volume, increased wetted surface area, and additional flow-development length prior to
the nozzle, which can increase boundary-layer displacement and other departures from ideal choking. The inferred C4
values are lower than discharge coefficients often reported for canonical nozzle flows, where values above ~0.85 and
approaching unity are common [36]. This difference is expected because the correction coefficient represents the cumu-
lative choked-flow response of the arc-jet system — including throat geometry, boundary-layer displacement, upstream
flow development, radial thermochemical gradients, and configuration-dependent facility effects. The comparatively
low values in Fig. 9(a) should therefore be interpreted as a feature of the effective facility-level calibration rather than
as an inconsistency of the inversion.

The pressure ratio po ot/ Po.cold Shown in Fig. 9(b) increases with arc power for fixed mass flow settings, consistent
with the increase in specific electrical energy input. Across gases, the CO,/N, mixture exhibits the highest pressure
ratios, followed by air and then pure N;, mirroring the ordering observed in Ayyx. Because the inversion depends
on the normalized mass flux ritr/(CgA;po not), the combined stability of C; and the physically consistent pressure
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ratio scaling support the interpretation that the inferred thermochemical states are governed by the measured choking
response rather than by configuration-dependent departures from ideal choking.

The observed pressure ratio behavior follows directly from the choked-flow relation in Eq. (2) [72]. Applying this
relation to the cold-flow and hot-flow states at fixed i1t and A;, with the same effective discharge correction applied to
both states, gives:

) (26)

7cold 2(70(;“ D
pohot | Tonot Y Reold %old +1 )
Do,cold \J To,cold o 5 W
Rhol (yhot +1 )

where y and R are evaluated at the corresponding stagnation state.

For N; and CO,/N; in the present campaign, iz is effectively constant within each configuration group, so increas-
ing arc power primarily raises 7p hot and produces the expected monotonic increase in po not/Po.cold- 10 contrast, the
air dataset spans operating regimes with different 7t and pg co1g values, so the pressure ratio reflects coupled changes
in total temperature rise and thermodynamic properties (7, R) associated with pressure-sensitive equilibrium compo-
sition. Equation (26) captures this dependence: higher-energy states require larger pg not relative to po cola to satisty
the same choked mass flow constraint, while gas-dependent property evolution modifies the scaling. The observed
ordering across gases and the non-monotonic air behavior are interpreted as consequences of thermochemical-property
evolution and changing operating conditions rather than facility artifacts or inconsistencies in the inversion.

This pressure sensitivity also highlights the importance of pressure measurement location. Because the inversion
depends explicitly on the measured upstream total pressure, the axial location of the pressure tap can influence the
inferred thermochemical state, particularly in larger arc-jet facilities where pressure gradients may arise from frictional
(Fanno) or heat-addition (Rayleigh) effects [73]. Although such gradients are modest in the present facility, careful
pressure measurement remains essential for accurate enthalpy inference.

Since the inversion is fundamentally constrained by the choked-flow relation linking mass flux and thermochem-
ical state, the resulting hpyx values should remain consistent with classical sonic-flow scaling when the working gas
approaches equilibrium air. This expectation is examined explicitly in the following section.

C. Recovery of classical sonic-flow scaling in air

Having demonstrated internal consistency across arc power, gas composition, and chemical model, it is instructive
to examine whether the present formulation recovers classical high-enthalpy sonic-flow behavior in the limiting case of
air. Because the inversion is constructed from compressible-flow scaling and direct thermochemical closure rather than
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Fig. 10 Comparison of inferred bulk enthalpy for 100% air with the classical equilibrium sonic-flow correla-
tions of Winovich [11].

prescribed air-specific sonic-flow correlations, agreement with established air correlations would indicate that classical
sonic-flow behavior emerges naturally from the present framework.

Figure 10 replots the air data as a function of the normalized mass flux it /(CaA; po hot), equivalently 1/c? .. Equa-
tions (8), (11), and (12) of Winovich [11], originally formulated in terms of the sonic-flow parameter o for equilibrium
air [5], have been inverted and expressed in SI units to provide an explicit relation between hpyx and normalized
mass flux. The Winovich relation used here is the equilibrium-air sonic-flow relation, although the original work also
discussed frozen-flow and real-flow corrections. The inferred equilibrium-air enthalpies collapse closely onto the high-
enthalpy asymptotic correlation of Winovich [11] (Eq. 12). Quantitatively, the equilibrium dataset exhibits a mean
relative residual of +4.4%, a 10 scatter of 4.4%, and an RMS relative error of 5.9% relative to the Winovich predic-
tion. The small scatter indicates that the present equilibrium-air points follow the classical sonic-flow scaling with
high internal consistency, despite differences in facility geometry, pressure and mass flow measurement implementa-
tion, discharge calibration, and the use of direct CEA thermochemical inversion rather than the published Winovich
equilibrium-air sonic-flow relation. The close agreement obtained without fitting to the Winovich relation provides a
strong consistency check on the compressible-flow formulation and thermochemical closure.

The remaining mean offset is plausibly associated with differences between the present CEA-based thermochemical
manifold and the thermodynamic data, correction assumptions, facility conditions, and air-heater measurements used
to assess the original Winovich formulation. The residuals appear somewhat larger at the higher-enthalpy end of the
present air dataset. This trend is plausible because dissociation, recombination sensitivity, and pressure-dependent
equilibrium composition become increasingly important as enthalpy rises, making the comparison more sensitive to
differences between the present CEA-based manifold and the thermochemical assumptions embedded in the Winovich
correlation. Additional equilibrium-air data spanning independently controlled pressure and enthalpy would be required
to isolate this dependence.

In contrast, the frozen-chemistry predictions lie systematically above the equilibrium-based Winovich correlation.
For the same air dataset, the frozen solutions exhibit a mean relative residual of +18.5% with a 1o scatter of 1.7%,
indicating an approximately uniform upward offset relative to the equilibrium scaling. This systematic separation
reflects the thermochemical role of recombination during acceleration to the sonic condition. The Winovich relation
plotted here corresponds to equilibrium air, allowing partial recombination as the gas cools toward the throat; this
modifies the sonic-state thermodynamic properties and reduces the reservoir enthalpy required to satisfy the choked-
flow constraint. In the frozen model, the composition remains fixed at the stagnation state, suppressing recombination-
driven energy redistribution and requiring a higher total enthalpy to match the same measured normalized mass flux.

Importantly, when the air data from both heater configurations are expressed in normalized mass flux space, no
systematic separation between the 2+0 and 3+1 configurations is observed. The collapse of both configurations onto
the same CEOCKET—hU manifold indicates that, after cold-flow discharge calibration, the inferred equilibrium-air state
is governed primarily by the choked-flow constraint rather than by heater-configuration-specific offsets. Configuration
effects enter through the measured mass flow, pressure ratio, and calibrated discharge correction, while the underly-
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Table 2 Conceptual

and methodological

thermochemically-closed sonic-flow inversion framework (TSIF).

comparison between Winovich [11] and the proposed

Aspect

Winovich (1964)

Present method (TSIF)

1. Primary variable

Sonic-flow parameter for air

Discharge-corrected characteristic velocity ¢

2. Thermochemical treat-

ment

Equilibrium-air baseline with approximate
frozen-flow corrections

Selectable CEA equilibrium or frozen model

3. Gas scope

Air-only sonic-flow formulation

Specified multi-species mixtures supported by
thermochemical closure

4. Enthalpy inference
mechanism

Sonic-flow relations between sonic-flow param-
eter and enthalpy

Dlref:t inversion on a computed ¢ xpr < 1o
manifold

5. Departures from
ideal choking

Boundary-layer and discharge-coefficient cor-
rections considered separately

Cold-flow self-calibration of an effective dis-
charge correction

6. Uncertainty treatment

Tied to sonic-flow relation, correction assump-
tions, and measurements

Propagated through measured inputs and local
manifold sensitivity

7. Output scope

Bulk enthalpy for air

Bulk enthalpy and paired total temperature for

specified multi-species mixtures

ing equilibrium-air thermochemical manifold remains common to both configurations. Agreement of the equilibrium
dataset with Winovich’s asymptotic relation is not enforced a priori, but instead emerges when the working gas is air
and equilibrium chemistry is selected. Because the inversion framework is constructed independently of the Winovich
air-specific correlation, recovery of Eq. (12) [11] serves as a non-trivial consistency check on the compressible-flow
formulation and thermochemical closure rather than a fitting objective.

The conceptual distinctions between the Winovich [11] method and the present inversion framework are summa-
rized in Table 2. While the Winovich formulation provides an air-focused sonic-flow framework with equilibrium-air
correlations and approximate correction procedures, the present formulation performs a direct thermochemical inver-
sion for specified gas mixtures and selectable equilibrium or frozen chemical models. In this sense, classical air scaling
emerges as a limiting case within a broader thermochemically consistent framework rather than as a governing assump-
tion.

V. Conclusions

A thermochemically-closed sonic-flow inversion framework (TSIF) has been formulated to infer bulk enthalpy and
total temperature in arc-heated flows using experimentally accessible upstream quantities. By relying on measured mass
flow rate, upstream total pressure, gas composition, nozzle geometry, and cold-flow calibration, the method enables
enthalpy and temperature inference without downstream heat-flux, calorimetric, spectroscopic, or CFD-derived inputs.
By recasting enthalpy inference in characteristic-velocity space and coupling the inversion directly to a thermochemical
solver, the present framework extends the classical air-focused sonic-flow methodology of Winovich [11] to specified
multi-species mixtures with selectable thermochemical closure.

The framework was applied to experimental data acquired in the 30 kW mARC II arc-jet facility. Across the test
matrix, the inferred thermochemical states follow expected physical trends: Ay and Ty ho increase with arc power and
specific energy input and decrease when higher mass flow reduces the corresponding specific energy input. Within the
present operating envelope, the inferred bulk enthalpy also varies systematically with gas composition, with CO,/N»
yielding the highest values, followed by air, and then N, reflecting differences in dissociation and thermochemical
energy storage. For the tested cases, the 3+1 configuration yields lower inferred values than the 2+0 configuration pri-
marily because of the higher mass flow and corresponding reduction in specific energy input. These trends demonstrate
physically consistent scaling within the tested operating envelope and indicate that the inferred states are governed by
the measured choking response rather than by uncontrolled scatter in the inversion. In the equilibrium-air limit, the
inferred states collapse onto the high-enthalpy asymptotic correlation of Winovich [11] with a mean residual of ap-
proximately 4%, confirming that classical sonic-flow scaling is recovered naturally from the formulation rather than
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imposed through empirical fitting.

The inferred bulk enthalpies also enable characterization of the arc-jet efficiency, enabling gas-dependent electrical-
to-flow energy coupling to be estimated from the same framework. In addition, comparison of equilibrium and frozen
solutions quantifies the sensitivity of the inferred state to chemical-relaxation assumptions, with frozen chemistry yield-
ing systematically higher inferred enthalpies and total temperatures when recombination effects become important.
More broadly, the results show that bulk enthalpy and total temperature are thermochemical state quantities whose
accurate inference requires explicit treatment of gas composition and thermochemical closure.

Classical equilibrium-air sonic-flow correlations emerge as limiting cases within a broader inversion framework
that is not restricted to published air-specific relations or a single thermochemical relaxation model. In this sense,
the present formulation may be viewed as a thermochemically generalized extension of the sonic-flow methodology
introduced by Winovich [11], in which air-specific correlations are recast as direct characteristic-velocity inversion
with explicit thermochemical closure. By separating measurement physics from thermochemical modeling and propa-
gating uncertainty transparently through the inversion manifold, the method provides a traceable and mixture-flexible
framework that is facility-agnostic in formulation, provided the nozzle remains choked and an appropriate cold-flow
calibration can be obtained.
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