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The Arc Jet Facilities at NASA Ames Research Center generate test streams with
enthalpies ranging from 5 MJ/kg to 25 MJ/kg. The present work describes a rigorous
method, based on equilibrium thermodynamics, for calculating the bulk enthalpy of the flow
produced in two of these facilities. The motivation for this work is to determine a
dimensionally-correct formula for calculating the bulk enthalpy that is at least as accurate as
the conventional formulas that are currently used. Unlike previous methods, the new method
accounts for the amount of argon that is present in the flow. Comparisons are made with
bulk enthalpies computed from an energy balance method. An analysis of primary facility
operating parameters and their associated uncertainties is presented in order to further
validate the enthalpy calculations reported herein.

Nomenclature

A* = throat area of sonic nozzle (m?

u = velocity (m/s)

a* = sonic velocity at the nozzle throat (m/s)

c = curve-fit constant

H, = stagnation state enthalpy (J/kg)

ho1 = initial guess for stagnation state enthalpy (J/kg)
P = stagnation state pressure (Pa)

p’ = pressure at the nozzle throat (Pa)

o = sonic flow parameter (s/m)

So1 = initial guess for stagnation state entropy (J/kg.K)
T = initial guess for stagnation state temperature (K)
w = mass flow rate (kg/s)

X = curve-fit exponent

1% = isentropic exponent
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I. Introduction

An important quantity required for computation of the thermal response of a material exposed to arc-heated flow,
and also for modeling and simulation of the flow of an arc-heated gas mixture through a convergent-divergent
nozzle, is the energy content (thermal, chemical, and kinetic energy), or simply the enthalpy of the flow.> An
estimate of this quantity is reported along with other parameters such as the arc current and voltage, the mass flow
rates of all gases (primarily air and argon), the pressure developed in the arc column, etc., as part of the standard
practice of arc jet testing at NASA Ames Research Center (ARC). Traditionally, theoretical estimates of the bulk
enthalpy of the flow for various arc-heater settings are reported. These are often supplemented with values deduced
from measurement of the temperature rise of water used in cooling the facility, in a method known as enthalpy by
energy balance? (EB2). There is not always agreement between these various estimates, and a single consistent
estimate of the bulk enthalpy is desirable for a given arc-heater setting.

We note that the real quantity of interest in arc jet testing, especially in stagnation mode, is the enthalpy at the
centerline of the nozzle. For the cases where the core flow is uniform, the distinction between bulk enthalpy and
centerline enthalpy may be too fine to make. However, the core flow could be non-uniform, in which case,
distinction needs to be made between the bulk and centerline enthalpies. The present work focuses on the bulk
enthalpy of the flow slug delivered to the plenum by the arc heater, and not on the thermochemical processes
involved in the expansion of the arc-heated slug of gas through the convergent-divergent nozzle.
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Figure 1: Schematic diagram of the segmented arc heaters used at Ames Research Center.?

Two of the “traditional” methods to determine bulk enthalpy of the arc jets at NASA ARC are described in this
section and are used as the basis for an improved calculation. A third method, the EB2 method, which is
independent and complimentary, will be used for comparison in subsequent sections.

The standard practice in arc jet testing at NASA ARC is to report bulk enthalpies calculated using the Winovich*
empirical formula (Egs. 1). (The correlation of Winovich is assumed valid over the enthalpy range between 1000
and 10,000 Btu/lbm (equivalently 2.3 to 23 MJ/kg).)

*o _ 0.397
W/A'P, =280/H_ O

Rearranging the empirical formula for enthalpy,

. 2.52 :
H, = (280/[w/AR,]) ~ =(280/c)™ o

where the sonic flow parameter, o, is defined in equation 3 and has units of kg/sec m?atm.
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o= W/lb\*P0 (3)
The SI equivalent of Eq. (2) is*:
H0 = (123/0')252 (4)

We note that enthalpy has units of energy per unit mass, m?/s? (equivalently J/kg), and the units of the sonic flow
parameter are s/m. Requiring Eq. (4) to be dimensionally balanced means that the numerical constant must also have
units raised to the 2.52 power which implies an ambiguous physical significance or modulus. Alternatively, the
exponent in Winovich’s empirical formula could be made 2 instead of 2.52, which would necessarily change the
constant, but would keep with an equation proportional to the square of a velocity term.

A closer approximation, from a dimensional perspective, for bulk enthalpy is that of Shepard et. al.® (Eq. 5). The
exponent in this formula is much closer to 2, but the expression is still dimensionally incorrect.

H, = (158.7/5)""" 5)

Winovich, having done his work in the 1960s, used a combination of experimental reference data and Mollier
diagrams® for air to determine supersonic arc jet nozzle flow properties. Mollier diagrams are enthalpy-entropy plots
(h-s diagrams) showing lines of constant temperature, pressure, and density. The procedure that Winovich followed
for his analysis is outlined by Yoshikawa and Katzen.” In this methodology, the ratio of static to stagnation
pressures are used in the determination of the equilibrium properties of the flow from a nozzle. The assumptions
include thermal equilibrium, and a steady-state, one-dimensional, isentropic, homogeneous flow field.

Shepard et. al. studied sonic flow enthalpy in the early 1990s. Instead of using Mollier diagrams, they used an in-
house computer program, ARCFLO?, to predict airflow properties through a choked nozzle. ARCFLO calculated
flow properties in the arc heater. The previously-stated flow assumptions were used, with the exception that the flow
was treated as two-dimensional and axisymetric.

In both the Winovich and Shepard approaches, the idea was the same: determine theoretical values of bulk
enthalpy over a range of sonic flow parameters, using either Mollier diagrams or computational thermodynamic
codes, and derive an equation using those values assuming a power-law fit of the data (Eq. 6). The constant, c, and
the exponent, x, were determined by fitting experimental data that the authors had at their disposal.

HOZ(C/O')X (6)

In light of this brief background, the objectives of the present work are: (1) to develop a rigorous, dimensionally
correct procedure for computing bulk enthalpy in arc jet flows that is dimensionally correct and determine whether
or not the results from the improved procedure are in better agreement with experimental data from two of the arc jet
facilities at ARC — the Aerodynamic Heating Facility (AHF) and the Interaction Heating Facility (IHF); (2) to
evaluate the dependence of bulk enthalpy on the amount of argon shield gas; and (3) to develop an analysis
procedure for determining uncertainties in the measurements. By examining the uncertainty in the different enthalpy
calculations, conclusions will be drawn about their statistical similarity or dissimilarity.

Il. Method

The goal of this work is the same as that of the previous efforts, but with the exception that the exponent, x, in
Eq.(6) is fixed at a value of 2 for dimensional correctness. The thermodynamic code that supplies theoretical values
is Chemical Equilibrium with Applications® (CEA), also known as the Gordon-McBride code. CEA, unlike the two
tools mentioned already, generates thermodynamic properties for various gas mixtures rather than just air alone.
Furthermore, the operating pressures in the arc heater are usually on the order of 1 bar or greater, and the assumption
of equilibrium flow is reasonable. We note that the arc jet facilities do operate at pressures less than 1 bar; however
these tests were not considered in the present work.

The arc jets at NASA Ames Research Center use argon as a shield gas. Argon is injected into the flow to reduce
erosion at the surface of the electrodes. It is also used as a mechanism to prevent intersegment arcing at the anode
and cathode sections of the arc jet.> CEA produces thermodynamic properties for the test specific argon-air mixture.
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There exists currently a large amount of heat flux data from calorimeter measurements performed in the AHF
and the IHF for our analysis— much larger than the data sets that were at the disposal of Winovich or Shepard. For
our analysis, the mass flow rate of air and argon and the arc-column pressure are taken from the facility database.
The nozzle throat areas of the two facilities are known constants. Thus, a sonic flow parameter can be calculated for
each test recorded in the database according to Eq. (3), and thus help in correlating the total enthalpy Hy to o via Eq.
(6).

A Matlab™® program that follows the iterative procedure suggested by Hightower™ was developed to determine
enthalpy. This program accesses extensive, but discrete, arrays of outputs (enthalpy, entropy, free energy, isentropic
exponent, etc.) previously generated from the CEA program, with argon content ranging from 0 to 50 percent in
increments of 2.5 percent, stagnation state pressure varying from 0.1 to 10.8 bars in increments of 0.1 bar, and
temperature varying from 250 to 9750 K in increments of 50 K. An example of the information that is output by
CEA is shown in Table (1). The stagnation state pressure, P,, measured during an experiment, recorded in the
facility database and reported as the arc-column pressure, is assumed to be accurate. The stagnation temperature is
not known. At this point, the user has an array of thermodynamic property data to navigate. The stagnation state
pressure is rounded to the nearest increment (the nearest 0.25 bar) and the file containing temperature-dependent
data at that pressure is found. The file contains the information similar to that in Table (1) in text format. Because
the stagnation state temperature is unknown, an initial enthalpy guess is made, h,. The initial guess of enthalpy is a
recorded enthalpy value from the Arc Jet database, derived using the method of either Shepard or Winovich, and
discussed further in the results section. Two parameters have now been fixed. That initial enthalpy guess can then be
queried from within the discreet array of temperature-dependent data. The temperature, entropy, and all of the other
thermodynamic properties follow from the initial guess of enthalpy and knowledge of pressure: T, S,, €tc.

Properties of specific interest are the enthalpy, entropy, sonic velocity (a*), and the isentropic exponent (7). The
use of the CEA program allows us to determine an isentropic exponent specific to the flow composition and in these
cases it is not the 1.4 value for an ideal diatomic gas. The reader is directed to Table (1) where the thermodynamic
properties are shown to vary by temperature for constant pressure, but at a specific composition. Given a set of
stagnation state parameters, P, h,, To, So, the thermodynamic properties at other locations in the supersonic nozzle
configuration can be calculated, if the velocity of the flow is known, starting with Eq. (7). The sonic throat state can
be found by calculating the pressure at the throat for Mach number equal to one and holding the entropy constant
according to Eq. (8).

p=P,@+[(-Dr2IM?)"’ -

At the throat, M=1 giving:

p* =P, (2 / [7/ + 1])”771 (8)

The new pressure value, p*, the sonic pressure at the throat, provides a path to another file of temperature-
dependent information. Within the array of information, the initial entropy value is queried, Sy;. The major
assumption of isentropic flow means that S'= S,. The first iteration of the analysis is now complete because once p*
and S” are known, the remaining sonic parameters at the throat are fixed and are taken from the CEA database. For
example, the values of T, h”, and the sonic velocity, a*, can be taken from the data.

The iteration integrity is judged by the velocity of the gas, which can be calculated with energy balance shown in
Eq. (9). The left side of Eq. (9) is the stagnation state with zero velocity (uy=0) and the right side of the equation
represents conditions at the throat. Using this result and arranging and solving for sonic velocity leads to Eq. (10).

hy+ui/2=h+u’/2 9)

u, =a =420, —h") (10)
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Table 1. Table of Thermodynamic properties. This table shows an array of data for a single pressure at varying
temperature for a specific air-argon flow composition, generated with CEA.
THERMODYNAMIC PROPERTIES

P, BAR 8.75 8.75 8.75 8.75 §.75 875 8.75 8.75 8.75 8.75 8.75 8.75 §.75
TK 3500 3750 4000 4250 4500 4750 5000 5250 5500 5750 6000 6250 6500
RHO,KG/CUM 885361 811171 743901  6.8464-1  63400-1 591281 554861 523021 49431 467771 442551 418111 39411

h KI/K6 4189.07 483096  SSM1 624522 6962 751373 BOSRT3 861279 01815 982828 105784 14747  125%9
U, KI/KG 0008 VR 4T 496718 SIS GOS8 GAOLT6 693982 741642 795771 60089 63201 103%7
6, KI/KG 261538 8343 305774 38562 -ISUS8 35T 39916 423286 -M7676 472341 497306 -SM6L4 -SAS3LS
5, KI/(KG)(K) 86604 88464 90219 02003 93528 9483 9599 97031 98098 99239 100515 101978  10.3674
M, (1/n) Wads 8905 825 20649 AL 26688 26360 26092 2583 25558 15231 M8 4342
(dLv/dLp)t 01321 L0197 102494 102682 102512 -LO2164  -LOI839  -101647  -LOIG26  -LOI784 102131  -1.02673  -1.03409
(dLv/dLT)p 125 13109 13647 13643 13191 12618 12005 12068 12228 12681 1324 14453 15746
Cp, K/ (KG)(K) 23067 27192 2860 27817 2531 22937 2174 22082 2405 27519 32666 3935 4401
GAMMAS 11957 11934 L199 12112 1294 L2417 12468 12402 1252 L2075 11912 1178 11685

SON VELM/SEC 1087.1 11346 11876 12442 13015 13555 1402.2 1440.4 14726 15029 15347 1570.1 1610.7

This calculation for the sonic velocity is a check on whether or not the iterative procedure has converged. If the
sonic velocity in the CEA table matches the calculated sonic velocity from Eqg. (10), then one can be confident that
the stagnation state conditions have been determined; the Mach number at the throat is indeed unity. Often this will
not occur at the first iteration. When the velocity of the gas at the throat is not equal to the sonic velocity provided
by CEA, the program returns to the stagnation state enthalpy prediction and adjusts it; corresponding parameters
change as a result. The adjustment to the enthalpy is an average of the current stagnation and throat values. Although
this is somewhat of a rough-and-ready way to improve the guessed value, it seems to provide solution convergence
within a few iterations.

Parameters measured in Initial Guessing
the Arc Jet and gathered
from historical data

p=p Find h, for Retrievey,
t— o
P, andsS,
Assume Arc Heater Find the enthalpy Retrieve y, and S, for
pressure and stagnation  value closest to h, corresponding h, and P,
pressure are equal for P, from table from table
If not
sufficiently Iterate
small, then
e X0 Calculate P* as a
o function of P, and y,
Compare

U(h,h*)-a*=0? Ulhe,h*) P*(Pg,Vo)

YES Calculate Sonic Select a 5* that is closest to 5,
at P* and find throat
parameters from table

Velocity

If velocities are the same, or difference
between them is sufficiently small,
then new enthalpy H=h,

Success

Figure 2: Flow diagram for iterative solution for enthalpy in Matlab.

I11. Results

Flow rate and pressure values need to have been recorded in order to calculate a sonic flow parameter (per Eg. 3)
and have the test be considered ‘usable’. The database of AHF calorimeter tests contained 1240 usable tests; the
database of IHF calorimeter tests contained 259 usable tests, by this criteria. Of the usable cases, a record was kept
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of which cases converged to matching sonic speed values over a nine-iteration allowance. Tests that did not
converge were eliminated from the data set in further calculations.

The value of nine iterations was originally chosen as a guess and later examined for validity. With a nine
iteration cap on the process, 65% of the IHF cases and 87% of the AHF cases converged. The percentage of
convergence varied little when the limit was adjusted from 5 iterations through 20 iterations. For the AHF, there was
one test case that had previously converged that failed to do so when the limit was reduced to 5 iterations, and no
additional cases that converged when the limit was raised to 20 iterations. It was found that the average value of the
constant™", ¢, being determined changed less than one percent when testing for an optimal convergence iteration
limit.

A new constant, c, is calculated for each new value of bulk enthalpy. The calculation is simple because the
exponent from Eq. (4) is set to 2 and the sonic flow parameter, o, is a measured quantity. Once a new constant has
been calculated for each test case, an average of the constants is used for the calculations and comparisons.

The constant, ¢, shows little to no dependence on the amount of argon in the flow. Figure (3) shows the
calculated values of ¢ as a function of argon percentage in both the AHF and IHF arc jet flows, and while there is
some deviation, it does not appear to depend on the amount of argon.
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Figure 3: Variation of the calculated constant, ¢, with a) the quantity of argon present in the flow and b) histogram
showing the frequency of values of c.

As a first pass, a coarse set of CEA data and the enthalpy calculated by the Winovich method were used for the
initial guess in the iterative process described in Fig. (2). The resulting values for the constant, c, were the following:
the AHF database yielded a constant of 142.6 averaged over 1240 cases; the constant for the 259 IHF cases was
121.3. A weighted average of the two constants (one from each facility) over all cases, provided a value of 138.9,
which was less than the constant reported by Shepard et.al. and an increase over the constant presented by Winovich
(after converting to Sl units.)

Following the initial results, CEA was used to create the finer set of thermodynamic property data previously
described in Section 1. The finer data set results in a higher accuracy of the final enthalpy calculation but is also the
cause of data attrition from non-convergence. A constant of 155.7 resulted when averaged over 1076 converging
AHF cases. The constant for the 168 converging IHF cases was 162.2. A weighted average of the constants over all
usable cases was 156.6, which is about a 1.5% decrease from the Shepard value and about a 27% increase over the
constant presented by Winovich. Results for the constant, ¢, were almost identical if the calculated Shepard value of
bulk enthalpy was used as the initial enthalpy guess, with the advantage that more cases converged and the average
value for the constant was 155.8.

™ The constant, c, referred to repeatedly in this work as the non-dimensional constant, is not actually without dimension.
Physically the number has no dimensional significance, however a dimensional analysis results in that constant having units of
KPa/atm. These units could have been massaged out of the constant easily enough but the resulting comparisons with previous
work and the use of historical data would have been much more difficult.
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Equations (4) and (5) show the expressions for the Winovich and Shepard calculations. The new expression for
bulk enthalpy calculation is shown here in Eq. (11), has units of MJ/kg, and is referred to as the “New” expression
for clarity.

2
H, = (155.8/0) an

Some statistics are shown here in an attempt to address overall quality of fit of the different enthalpy calculation
methods. These statistics are presented in Table (2) and are calculated with reference to the measured enthalpy by
energy balance values for each data case used. A graphical fit of EB2 values and bulk enthalpy values calculated
using all three methods are shown in Fig. (4). The hypothesis was that a new, dimensionally-correct, calculation of
bulk enthalpy in arc jet flow would be in better agreement with the EB2 values obtained per the ASTM method.*?
Figure 4 and Table 2 fail to validate this hypothesis by showing that all three methods are statistically equivalent at
predicting EB2 values.

Table 2: Initial Statistics. Initial error calculations based on how the three methods compare with the measured

EB2 values.
Coef. Of Determination Average %
Method Constant (RY) Error
With Respect to EB2 data
Shepard 158.7 0.605 28.8
Winovich 123 0.544 27.3
New 155.8 0.606 284
Cormparison with EB2 values
40 . . . . . . .
EE2
a5l Shepard
Winovich
b Mew
= 251
=
It
& 15}
10f
5 L
D 1 1 L 1 1 1 1
20 30 40 &0 B0 70 80 50 100

T kg's m? atm

Figure 4. Enthalpy calculations. Comparison of the three enthalpy calculations with the measured EB2
values from both the IHF and AHF Facilities.

IV. Uncertainty analysis
Uncertainty is calculated for each of the Enthalpy by Energy Balance measurements at the time that the data is
compiled. A formal uncertainty analysis for the Winovich and Shepard bulk enthalpy calculations was performed
along with the uncertainty analysis for the new method. This analysis is described in the following section. The goal
of the uncertainty analysis is to show statistical similarity or dissimilarity between the different enthalpy values
calculated and reported in the ARC arc jet facilities.
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95% Confidence Limits of the Three Methods
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Figure 5: Two-sigma confidence limits shown for each of the three enthalpy calculations
over a range of sonic flow parameters.

For a range of sonic flow parameters, the enthalpy and uncertainty have been calculated for the three enthalpy
equations (Eqgs 4, 5, and 11). Some assumptions were made including a five percent variability with 95% confidence
of the facility parameters of interest: mass flow rate of the test gases, arc heater pressure, and throat area. These
assumptions are made for all three analyses so that any inaccuracy is equally shared in the results. In addition, the
uncertainty of the constant used in both the Winovich and Shepard equations is unknown and was assumed to have
five percent variability and 95% confidence. A notable advantage to the New method of enthalpy calculation is that
we now put a known uncertainty on the value of ¢ because it has been calculated repeatedly. The new constant, c,
value has a standard deviation of 9.5 about the mean.

Figure 5 is a bubble chart showing the results of the uncertainty analysis. The area of each bubble represents the
95% confidence associated with the enthalpy calculation at the given sonic flow parameter. Each bubble is centered
at the calculated value of enthalpy and the surrounding area can be thought of as the 2-sigma limits on the
probability density graph for the calculation. The New method appears to have a larger confidence limit but this is
most likely more accurate. Generic uncertainties were applied to the other methods that may have been artificially
low.

V. Discussion

The iterative procedure outlined in the present paper requires an initial value (guess) for enthalpy. Using either
the Winovich Sonic Flow Enthalpy (Eq. 4) or the Shepard enthalpy (Eq. 5) as the initial guess had very little impact
on the final value of c; less than one percent change in the constant, ¢, was observed.

The data were further separated into three categories based on the degree of ‘add air’. Add air is the secondary
stream of room temperature air that can be added to the arc-heated stream to reduce enthalpy or adjust the heating
condition. The three categories are: no add air, minimum add air (usually 55 g/s), and greater than minimum add air.
Very little difference was seen in the calculated constant, c, as a function of add air. Figures 6a and 6b show c values
plotted against the actual quantity of add air and the percentage of add air in the flow respectively.

The same logic was used to examine the data under different conditions of reported EB2 accuracy: less than 5%
uncertainty, 5% to 10% uncertainty, and greater than 10% uncertainty in the EB2 value. Once again little variation
was observed in the constant that resulted from the calculations when separated into these categories, see Figure (7).
Equation (11) was once again used for the examination of add air and EB2 accuracy.
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Figure 6: Variations in the constant, ¢, with a) quantities of add air and b) percentage of add air in the flow.
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Figure 7: Variations in the constant, ¢, as a function of the error associated with the EB2 values.

The statistical similarity of the three methods seems apparent, especially at larger sonic flow parameters and
lower enthalpy values. At enthalpy values less than 20 MJ/kg, the three methods would produce the same results
given the associated confidence limits. Recall that this is the range of enthalpies where the Winovich equation is
considered to be valid.

The three methods compare with the measured EB2 values in much the same way, as is seen in Figure 4 and
Table 2. From the figure, it appears that at low values of the sonic flow parameter the Shepard and New calculations
are better calculations for enthalpy. However, a similar argument can be made in favor of the Winovich calculation
at high values of the sonic flow parameter.

VI. Conclusions

While the results of this work are qualitatively similar to those of Winovich and both qualitatively and
quantitatively similar to Shepard’s, the data set used in this analysis is more than 50 times larger than what was used
by the previous investigators. The agreement shown here is a credit to those scientists’ successful use of the small
data sets that they had at their disposal and lends confidence to the results presented here. The new calculation has
been shown to be equally, if not more, accurate than the Winovich and Shepard calculations when compared to EB2
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calculations. Possibly the most notable conclusion and advantage of this work is that the new calculation is
dimensionally correct.

The uncertainty analysis in this study is a start to a much larger effort. Here, the large data set was used to
determine confidence limits for a new constant, c. A more precise uncertainty analysis of these methods, and other
arc jet calculations, could be performed when more precise error limits are associated with other arc jet parameters.
The global assumption of five percent variability is conservative in some cases and perhaps generous in others.

The analysis presented herein is valid for isentropic flow. The results can be considered an upper-limit estimate
for the bulk enthalpy when the flow deviates from the isentropic flow assumption. The data used in this study came
from two facilities, each with a different nozzle throat area, and a variety of nozzle exit diameters, and over a wide
range of facility operating conditions. The results derived are considered valid for the arc jets at NASA ARC. There
has been debate over the years as to which method provides a better estimate of bulk enthalpy for the arc jet
facilities at ARC. In the absence of EB2 data, or in light of questionable EB2 data, it is recommended that the new
equation presented here, Eq. (11), be used to estimate the bulk enthalpy content of the flow.
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