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Four experimental methods of determining the enthalpy of the flow in an arc-jet facility that is, the heat balance
method, the sonic throat method, the heat transfer method, and the emission-spectroscopic method, are compared
with a computational fluid dynamics (CFD) solution. The comparison is made for the Interaction Heating Facility
of NASA Ames Research Center for one operating condition. The mass-averaged enthalpy values determined by
the heat-balance method and the sonic throat method are 28.7 and 28.8 MJ/kg, respectively. The lower bound of the
centerline enthalpy value determined by the heat transfer rate method is 30.5 MJ/kg. The spectrometric method
resulted in the centerline enthalpy value of 40.6 MJ/kg. The CFD solution yields the centerline and the average
enthalpy values at the nozzle throat of 41.0 and 27.0 MJ/kg, respectively.

Nomenclature

cross-sectional area of the nozzle throat, m
model base diameter, m

distance from model wall, mm

Radial viewing function, Eq. (3)

Lateral viewing function, Eq. (4)
mass-averaged enthalpy, J/kg

centerline enthalpy, J/kg

mass flow rate, kg/s

pressure, Pa

stagnation-point heat transfer rate, W/m?
equivalent nose radius, m

radial distance, Fig. 7

temperature, K

flow velocity, m/s

horizontal distance, Fig. 7

vertical distance, Fig. 7

surface—catalytic recombination coefficient
= wavelength, nm
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Subscripts

argon
air

electron
vibration

= settling chamber
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Introduction

RC-JET facilities are used to produce the heating environment

of high-speed planetary entry flights. One important parameter
that such tests must simulate is the flow enthalpy. In the test section of
an arc-jet facility, enthalpy is the highest at the centerline, decreases
gradually toward the wall in the inner region, and decreases rapidly
in the outer region near the wall. The inner region of the test-section
stream in which flow properties vary slowly is called the core region,
and tests are made within this region. The enthalpy of this core region
is referred to commonly as the centerline or core enthalpy. It is this
centerline enthalpy that must simulate the flight value. In contrast,
the mass average of the enthalpy in the stream, including the portion
in the cold outer region, is called the mass-averaged enthalpy. The
ratio of the centerline enthalpy to the mass-averaged enthalpy, which
is by definition greater than unity, is an important parameter in the
use of the arc-jet facilities. Because heat transfer rate is proportional
to enthalpy, any uncertainty in this value translates directly to the
uncertainty in the performance of the tested heatshield material.

The mass-averaged enthalpy can be determined experimentally
relatively simply in two different ways: 1) by dividing the net power
input by the mass flow rate in a so-called heat balance method and
2) from the relationship between the enthalpy and the flow rate in
a method called the sonic throat method. The centerline enthalpy
can also be determined in two different ways: 1) from the heat
transfer rate to the stagnation point of a blunt body in a method
known as heat transfer method and 2) by analyzing the spectrum of
the radiation emitted by the shock layer, that is, the spectrometric
method. The last two methods are more difficult to carry out than the
first two. In addition, the laser-induced fluorescence (LIF) method
promises to determine the thermodynamic state of the test-section
flow completely, including the flow enthalpy.! However, presently,
this method is not advanced sufficiently to be able to measure all
components of energy including those in the internal modes.

Determining these enthalpy values entirely theoretically was not
possible until recently. Very recently, computational fluid dynamic
(CFD) calculation of the arc-jet flows, which is entirely theoretical,
became possible.

Despite the importance of the accuracy of the enthalpy value, no
systematic comparison has been made to date among the methods
just mentioned. In the present work, the currently possible four ex-
perimental methods are applied to one operational condition of an
arc-jet facility, the Interaction Heating Facility (IHF) at NASA Ames
Research Center. The IHF operates on a maximum steady electrical
power input of 60 MW and is sometimes referred to as the 60-MW
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facility. The enthalpy values thus determined are compared with the
solution of a CFD calculation. When efforts are concentrated on one
operating condition, statistical smapling needed in assessing repro-
ducibility is obtained. It is hoped that the findings of this work will
lead to a similar effort over a wider range of operating conditions.

Facility Operating Conditions

The IHF has a segmented constrictor 8 cm in diameter and 3.97 m
in length. The throat diameter is 6.03 cm. For the tests analyzed in
the present work, the nozzle was conical with a cone half-angle of
10 deg and had an exit diameter of 15.2 cm, resulting in a geometrical
area ratio of 6.35.

Dry air is used as the main test gas. The flow rate of air was
nominally 0.38 kg/s. Argon was added at a nominal flow rate of
0.031 kg/s. The data taken in 25 separate runs were analyzed in
the present work. Throughout these tests, the electrical current was
maintained at an average value of 6066 A. The standard (root mean
square) deviation in the current was 58.6 A. The voltage between
the electrodes was 4828 V, with a standard deviation of 34.1 V,
resulting in an average electrical power input of 29.3 MW. The
standard deviation in the power input was 0.28 MW. The total flow
rate was 0.412 kg/s with a standard deviation of 0.33%. The pressure
in the settling chamber p, was 0.453 MPa, with a standard deviation
of 2.7 kPa.

All measurements were made at approximately 11 cm down-
stream of the exit plane of the nozzle. The distance from the nozzle
throat to the model position was 0.4 m. Pitot pressure was measured
in 13 of the 25 tests. The average value and the standard deviation
of the pitot pressure were 65.8 and 0.31 kPa, respectively.

To investigate the influence of flow enthalpy on spectral char-
acteristics of the radiation emitted by the shock layer, calculation
was performed for the nozzle for four different assumed values of
settling chamber enthalpy: 32, 39, 44.5, and 47.3 MJ/kg. An im-
proved version of the one-dimensional nozzle flow code NOZNT
described in Ref. 2 was used for this purpose. In this code, six dif-
ferent temperatures are accounted for: heavy particle translational—
rotational temperature; vibrational temperatures of O,, N, and NO;
electron temperature 7,; and electronic temperature 7gectronic- 1he
electronic temperature is the temperature that characterizes the elec-
tronic excitation energy of the gas atoms and molecules. The six-
temperature calculation showed that the test-section flow consisted
mostly of atomic oxygen and molecular nitrogen and that electron
temperature, electronic temperature, and vibrational temperature of
N, are almost equal. This implies that a two-temperature description,
one temperatue for the translational-rotational mode and the other
temperature for the N, vibrational, electron, and electronic mode,
would be sufficient to describe the relaxation behavior behind the
bow shock in the test section.

Three different sets of reaction rate coefficients were considered
in this study: the set given in Ref. 3, which is referred to hereafter as
the standard rate set; the rates 1/10 thereof; and the rates 10 times
thereof. The factors of 1/10 and 10 are believed to be the limit of
uncertainty of the rate coefficient values involved.

In the calculation of the nozzle flow, the nozzle is described by a
combination of two smooth hyperbolas to generate a slightly bell-
jar shaped geometry. The effective nozzle area ratio at the location
of the model is determined from the measured pitot pressure to be
10. The assumed nozzle profile produces an area ratio of two at the
distance of 0.133 m from the throat.

The result obtained for the case of settling chamber enthalpy of
44.5 MJ/kg with the standard rate coefficients is shown in Table 1.
This particular solution will be called the reference condition be-
cause, as will be shown later, this condition is consistent with the
spectroscopic data obtained.

According to Table 1, the concentration of nitrogen atoms is more
than three times that of oxygen atoms. The concentration of molec-
ular oxygen is small. Because the bow shock wave over a blunt body
heats the flow, the concentration of nitrogen molecules will be even
lower in the shock layer. The convective heat transfer rate to a body
placed in the test section will be affected greatly by the possible
surface catalytic recombination of oxygen and nitrogen atoms. The

Table 1 Reference nozzle flow conditions
calculated with standard rate coefficients?

Settling Test
Quantity chamber section
Enthalpy, MJ/kg 44.5 40.6*
Pressure, Pa 4.700° 25173
Density, kg/m? 8.17772 1.9683
Velocity, m/s 0 5890
Temperature, K
Heavy particle 10,443 2594
T, of Oy 10,443 3137
T, of Np 10,443 5577
T, of NO 10,443 2598
T, 10,443 3356
Telectronic 10,443 6564
Species mole fractions
(¢} 2.0197! 2.1617!
N 7.3877! 6.8717!
A 2.87572 3.04172
0, 0 557976
N, 7.56373 6.41372
NO 4.0727% 4.92476
o+ 1.65673 8.086~*
Nt 9.63173 3.601~*
NO* 118974 1.86778
Pitot pressure, Pa NA 6.791*

“Enthalpy as evaluated by two-temperature model using N,
vibrational temperature; see text.

intensity of radiation by nitrogen molecules will be relatively small
compared with those from oxygen and nitrogen atoms. Though not
shown, this feature holds true even with the reaction rates 0.1 or 10
times the standard values.

Note that even though the nozzle flow properties are calculated
using the six-temperature model, the calculations of the shock-layer
flow are made using the more widely used two-temperature model.
When the vibrational temperature of N, is used as the vibrational—
electron—electronic temperature in the two-temperature model, the
enthalpy value in the freestream in the test section is calculated to
be 40.6 MJ/kg for this case as presented in Table 1. The discrep-
ancy between the settling chamber enthalpy of 44.5 MJ/kg and the
freestream enthalpy of 40.6 MJ/kg is attributed to the electronic
excitation energy in the freestream not accounted for in the two-
temperature model. In reality, the true electronic temperature is un-
known because radiative energy loss, which preferentially removes
the electronic excitation energy in the nozzle, is unknown.

Mass-Averaged Enthalpy Measurement

Heat Balance Method

The average enthalpy of the flow produced by the facility can be
determined experimentally using the heat balance method. In this
method, the average enthalpy is determined by dividing the total
power input into the flow by the mass flow rate of the test gas. The
total power input is the electrical power input minus the cooling
water loss.

At the time of the present series of experiment, the instrumen-
tation necessary for the heat balance method was not functioning.
Subsequently, the necessary instrumentation was installed. The in-
strumentation consisted of measuring the water flow rate by an ultra-
sound sensor and measuring the water temperature with a resistance-
type detector strapped to the outside wall of the water passage.* The
temperature detector is placed at a middle of a long tube that is at
a nearly constant temperature, and, therefore, heat conduction out
of the measuring region occurs only through the quiescent air sur-
rounding the detector, which is believed to be small. One run was
made in which the electrical current and voltage and the air mass
flow rate were the same as in the test series of consideration. Addi-
tionally, air flow was introduced in the settling chamber to an amount
equivalent to 12% of the flow through the constrictor. The addition
of airflow in the settling chamber is not expected to affect the arc
heater efficiency. The measured arc heater efficiency was 0.403.
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When the efficiency value of 0.403 is used, the mass-averaged
enthalpy in the present test series is determined to be 28.7 MJ/kg,
with a standard deviation of 0.28 MJ/kg.

Sonic Throat Method

The sonic throat method relies on the principle that the flow is
choked at the nozzle throat. For an inviscid equilibrium flow of air,
the relationship between the flow rate through the throat /2 and the
flow enthalpy H has been derived in Ref. 5 as

H = (0.293Ap, /) > (H

A slightly different procedure is proposed in Ref. 6, in which
the relationship between the mass-averaged enthalpy and the flow
rate at the exit of the constrictor is utilized. Reference 6 shows that,
in the range of enthalpy of most interest, this method produces a
mass-averaged enthalpy value that is nearly the same as that by
Eq. (1). Therefore, Eq. (1) is used in the present work to determine
the mass-averaged enthalpy.

There were a total of 23 runs from which the needed information
was gathered in the present test series. The average enthalpy value
calculated from these 23 runs was 28.83 MJ/kg, with an standard
deviation of 0.53 MJ/kg.

Centerline Enthalpy Measurement

Heat Transfer Method

The heat transfer rate at the stagnation point of a blunt axisym-
metric body placed at the centerline of the test section is a function
only of the properties along the centerline of the test flow. The func-
tional relationship between the centerline flow properties and the
heat transfer rate is well known. (The presence of argon in the flow
was accounted for in deducing enthalpy from the measured heat
transfer rate.) Using this relationship, one could deduce the center-
line enthalpy from the measured stagnation-point heat transfer rate.
To do so, however, one needs to know the catalytic efficiency of the
wall to the recombination of oxygen and nitrogen atoms, and herein
lies the uncertainty of the method.

To carry out the measurement of the stagnation-point heat trans-
fer rate in the absence of ablation in the present work, that is, the
so-called cold-wall stagnation-point heating rate, two copper slug
calorimeters of a rounded flat disk shape, one with an overall diam-
eter D of 2.54 cm and the other of 5.08 cm, were used. They are
shown schematically in Fig. 1. As shown, the thermocouple junction
is on the backface of the copper slug. The edge of these models are
rounded as shown in Fig. 1. The ratio of the edge radius to the base

Thermocouple ¢ D=5.08cm ————»
junction

( )\ r=0.94 cm
Copper slug // K

Thermocouple

lead wire »

Fig. 1 Schematic of copper slug calorimeter heat transfer gauge.

radius was kept at 0.1875. The surface of the copper slug was pol-
ished before each test. The response of this gauge had been tested
earlier against seveal different types of heat transfer gauges to verify
its accuracy in the common operating range.

In Fig. 2, a typical output of the thermocouple on the copper
calorimeter is shown. A best-fit curve is drawn through the measured
temperature values, and the heating rate is determined from it.

When the results of the heat transfer measurement are deduced,
radiation is neglected: A separate calculation showed that the radia-
tive heat transfer is only about 1% of the convective heating rate in
the tested environment.

According to Ref. 7, the stagnation-point heating rate to the body
of this shape is the same as that of a sphere with a radius R 3.15
times the base radius, or R =4.0 cm for the D =2.54 cm model and
R = 8.0 cm for the D =5.08 cm model.

The measured heat transfer values ¢ are presented in Fig. 3,
and are compared with the theoretical values. For the D =2.54 cm
model, five experimental points were obtained, with the average and
the standard deviation of 1566.4 and 56.3 W/cm? (3.6%), respec-
tively. For the D = 5.08 cm model, they were 1104.8 and 45.1 W/cm?
(4.1%), respectively.

In Fig. 3, two sets of theoretical values are shown: the equilibrium
value, known also as the Fay—Riddell value,® and the frozen value
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100 -
Thermocouple temperature history
on 5 cm dia flat-faced calorimeter
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Time, sec

Fig. 2 Typical output from copper slug calorimeter.
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Fig. 3 Comparison between measured and calculated stagnation-
point heat transfer rates.
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calculated by the formula by Goulard.® The Fay-Riddell values are
calculated using the formula given in Ref. 10,

He. = q/m~/R/po(ms/Ka ~+1a/Ka) @

in joules per kilogram, where the constants K, and K, are
3.905 x 10~* and 5.513 x 107, respectively. The heat transfer rate
q is expressed in watts per square meter, R in meters, and p in pas-
cal. This formula leads to the enthalpy value of 30.5 MJ/kg for both
the 2.54-cm and 5.08-cm models, with a standard deviation of 3.6
and 4.1%, respectively.

For the frozen-flow case, ¢ depends on the assumed surface cat-
alytic recombination coefficient y. For pure copper, Goulard esti-
mated y to be about 0.4 for oxygen recombination.” However, in
the present test environment, visual inspection of the model surface
after a test showed that the surface was discolored. According to
Ref. 11, an “extremely slight” discoloration signifies oxidation of
the surface, which changes the surface catalytic efficiency from that
of copper to that of copper oxide.

Goulard estimated the y for copper oxide to be 0.02 for oxygen
recombination.” In Fig. 3, the predicted g values for a frozen flow
are compared with the experimental data for y of 0.4 and 0.02. As
seen in Fig. 3, for y = 0.4, the calculated g values are nearly those
by the Fay—Riddell formula, and so the deduced H, values are also
those by the Fay—Riddell formula. For y =0.02, g is lower, and
the deduced H, values are higher: It is 37.1 MJ/kg by the 2.54-cm
model and 35.0 MJ/kg by the 5.08-cm model.

The frozen-flow calculations shown in Fig. 3 were repeated with
various values of y, and the H, values consistent with the measured
values of ¢ were determined. In Fig. 4, the enthalpy values deduced
from different y values are shown. One sees in Fig. 4 that the deduced
H, value is moderately sensitive to the y value chosen. The true
value of y is unknown in the present experiment, partly because
the extent of oxidation is unknown and partly because there is no
information about the y value for nitrogen recombination. In the
present environment, the concentration of nitrogen atoms reaching
the wall is at least three times that of oxygen atoms. In addition,
nitrogen recombination produces nearly twice the energy of oxygen
recombination per atom.

According to Fig. 4, if y is zero, the deduced enthalpy will be over
100 MJ/kg. As will be shown hereafter, the enthalpy is deduced to be
about 41 MJ/kg by the spectroscopic method. This enthalpy value
would be consistent with the heat transfer rate data if y were 0.01,
as indicated in Fig. 4. In view of the uncertainty about the value of
y , especially for nitrogen recombination, such a low y value should
be considered to be well within the realm of possibilities.

107 -
or D=254cm
i3 Copper oxide
na Goulard's (1958)
o estimate
< Copper
= 6
IU
2 sk
= D=5.08cm '
E 1 1
c 1
[ | |
[} 4F 1
£ 0 I
= | |
i | |
< | | |
[ | | 1
° o Lo :
| | |
| | |
A
Value consistent
with spectroscopic
data
2 1 1 IIllIII 1 Ll 1 1 lllllll 1 1 lllllll
0.0001 0.001 0.01 0.1 1

Catalytic efficiency for O and N recomb y

Fig. 4 Dependence of deduced centerline enthalpy H, on assumed cat-
alytic efficiency ~.

Spectrometric Method
Description of Method

The radiation emitted by the shock layer over the flat-faced
calorimeters shown in Fig. 2 is observed by a spectrometer through a
quartz lens and an optical fiber as shown schematically in Fig. 5. The
solid angle of collection of the radiation was f/635. At the receiving
focal plane, the collected radiation power is fed into an optical fiber
4 pm in diameter and 20 m in length. The output end of the optical
fiber is connected to the entrance slit of a spectrometer. At the exit
plane of this spectrometer, a one-dimensional photoelectric sensor
array reads the spectrally resolved radiation power. The optical axis
passes through a point 3.2 mm away from the model wall as shown
in Fig. 5. The system measures radiation in the wavelength range
from 380 to 900 nm, with a wavelength resolution (Gaussian full
half width) of 4.5 nm.

A total of four spectra were obtained during this series of tests.
All four spectra were nearly the same. The spectrum is shown in
Fig. 6. The spectrum shows the emission from the N3 first negative
system, the N, first positive system, (possibly) CN violet, copper
lines, and atomic nitrogen and oxygen lines. There are many lines
of N and O that form the observed five groups of lines. Though it is
irrelevant to the present work, the concentration of the copper vapor
producing the observed intensity of the copper lines is calculated to
be about 50 ppm by volume. Copper is believed to originate mostly
from the electrodes.

Co r model
Nozzle ppe

I/

Shock wave r

\

d = 3.2

\

To spectrometer

Fig. 5 Schematic of radiation emission measurement.

800 [~
Shock layer radiation
D=5.08 cm N lines
—— Experiment .
------ Calculation, 1-D, O lines
600 std rates, 40.6 MJ/kg

N," First Negative
4001~ and CN Violet

Intensity, arbitrary scale

200 Copper

N, First Positive

400 500 600 700
Wavelength, nm

900

Fig. 6 Comparison between measured and calculated spectra of shock
layer over copper calorimeter of 5.08-cm flat disk with rounded edge.
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Theoretical spectra are then calculated assuming different values
of flow enthalpy. The enthalpy value that numerically reproduces the
measured spectrum is the desired enthalpy. Because the radiation
emission occurs only in the core region of the flow, this procedure
determines the core enthalpy H..

To calculate the theoretical spectrum, one must first determine
the distribution of the thermodynamic properties in the shock layer.
The shock-layer flowfield is determined in two ways: two dimen-
sionally and one dimensionally. In the two-dimensional method,
a CFD solution is obtained for the shock-layer flow assuming ra-
dial symmetry. The two-dimensional calculation is made for the
nine different flow conditions: three enthalpy values (32, 39, and
47.3 MJ/kg in the settling chamber), and three sets of rate coeffi-
cient values mentioned earlier. The CFD calculation is performed
using a simplified model for the determination of the vibrational—
electron—electronic temperature in which the electronic excitation
energy is neglected. A more accurate set of vibrational—electron—
electronic temperature is obtained by performing a so-called ride-on
calculation in which the conservation equations for the quantities of
concern are integrated along the streamline already computed using
the flow variables already computed. The quantities thus calculated
are the concentrations of O" and N* and the vibrational—electron—
electronic temperature.

In the one-dimensional method, the flowfield solution is obtained
along the stagnation streamline using a viscous-shock-layer method.
The body is assumed to be spherical, and the nose radius is chosen
so that the shock standoff distance agrees with that obtained in the
two-dimensional CFD calculation. The nose radius selected was 1.1
times that described in the section titled Heat Transfer Method, that
is, 1.1 times 3.15 times the base radius of the tested model. The cal-
culation is made for the four enthalpy values mentioned earlier. Only
the standard rates were considered for the one-dimensional calcu-
lation. The vibrational—electron—electronic energy is calculated ac-
counting for the electronic excitation energy. The flow condition is
assumed to be uniform in the lateral direction (the direction parallel
to the model surface) in the one-dimensional method.

From these solutions, a radiative transport calculation is made to
determine the spectrum seen by the spectrometer using the latest
version of the NEQAIR code.'?

A problem arises in calculating the theoretical spectrum because
the chromatic aberation of the lens, the finite dimension of the re-
ceiving surface of the optical fiber (4 um), and the variation in the
attenuation characteristics of the optical fiber on the incidence angle
result in a blurring of the image of the focal point. To characterize
the blurring phenomenon, one first defines the target plane, which
is a plane normal to the optical axis and which passes through the
central axis of the test section, as shown in Fig. 7.

In Fig. 7, the intersection of the optical axis and the target plane is
the ideal focal point, that is, the focal point in the absence of blurring.

Model
) surface
Ideal 19cal point
Target plane
Wind tunnel
center axis
‘ \
-~ b
STy
g ‘\[z; T A typical ray
Flo . ~* directed
P toward lens
Optical axis

Fig. 7 Coordinate system related to definition of viewing function F.

Then one considers an arbitrary ray passing through the point x, y
toward the lens as shown in Fig. 7. To calculate the contribution of
this ray to the output of the spectrometer, one considers that a point
light source is placed at that point in the target plane. The distance
between the light source and the ideal focal pointis r = /(x + y?).
One can define a viewing function F(r), which is a relative sensi-
tivity of the optical system. The function F (r) is defined so that its
areal integration is unity, that is,

271’/ F(r)yrdr =1
0

This viewing function F(r) was determined experimentally in
Ref. 13 by placing a light source in the target plane, taking the read-
ings on the spectrometer, and moving the light source to a different x
location and repeating the measurement. The procedure found that
F(r) is a function of the wavelength X and is expressible as

F(\,r) =[a(h)/m]exp[—a(W)r] 3)

The coefficient a(}) is given in Ref. 13 at X intervals from 25 to
50 nm. The value of the parameter a(A) is such that about 90% of
the radiation power collected is from within a radius of 3 mm.

In principle, when the theoretical spectrum is calculated, the in-
tensity of the radiation emanating from the shock layer along a spec-
ified ray should be multiplied by F (%, r). This resultant quantity is
then integrated in both x and y directions. In reality, the double inte-
gration reduces to a single integration because the radiation emission
from the gas is a function only of x and is independent of y: The
integration in the y direction can be made analytically to give

fx)=2 / F(x,r)dy=,/@exp[—a(x>xz] @)
0

Thus, the calculated intensity emanating from the shock layer at the
position x needs to be multiplied by f (A, x) and integrated only
over x.

Results

The spectra calculated by the one-dimensional flow solution with
four different assumed enthalpy values are shown in Fig. 8. The
general features of the four spectra are substantially different. At
low enthalpies, the molecular band structure is strong and atomic
line radiation is very small; at high enthalpies, the atomic lines are
strong and the molecular and radiation is very small. This trend is
a result of the fact that the ratio of the atomic concentration to the
concentration of N, increases rapidly as enthalpy increases in the
range of concern.

The spectrum for the 40.6-MJ/kg case in Fig. 8 is compared
with the experimental spectrum in Fig. 6. As seen, the theoretical

1000 —
E Spectra calculated
800 |- from 1-D flow solutions
E - enthalpy = 30.4 MJ/kg
= E - enthalpy = 36.4 MJ/kg
S F — enthalpy = 40.6 MJ/kg
g 600 - - - enthalpy = 43.8 MJ/kg
5 E
S E
2 E
2 400
2 E
= E
200
0 1
400 500 600 700 800 900

Wavelength A, nm

Fig. 8 Spectra calculated from one-dimensional flowfield solutions us-
ing standard rate coefficients for four different assumed enthalpy values.
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4 Experimental data
® Atomic radiatiion

O Molecular radiation
] olecular radiatio 856.7

859.4
150 862.9
865.58
865.59
865.6
~—866.7
868.0
868.3
870.3
871.2
871.9
872.9
874.7

1 7772
777.4
777.5

i

N (o}
820.0 844.63

844.64
22?12 844.68
821.6
822.3.
824.2

Intensity, arbitrary scale
)
o
1

50

N2
First Positive

760 780 800 820 840 860 880 900
Wavelength, nm

Fig. 9 Definition of atomic and molecular components in 750-900 nm
region.

spectrum agrees fairly well with the experimental spectrum except
in the region near 400 nm. The 400-nm region is dominated by the
radiation from the N;” and CN. The CN radiation originates from the
carbonaceous impurities in the facility. Only a small concentration
of carbon is needed to explain the observed relatively large radia-
tion in the 400-nm region. No attempt is made to reconcile between
the calculation and the experiment regarding CN. The nozzle flow
properties for this 40.6-MJ/kg case were presented in Table 1 as the
reference flow conditions.

Enthalpy is determined in the present work using the strong de-
pendence of the atom-to-molecule concentration ratio on enthalpy.
To do so, first the ratio of intensity of atomic radiation to that of
molecular radiation is defined by integrating the area under the inten-
sity curves from 750 to 900 nm, as shown in Fig. 9: The shaded area
represents the intensity of atomic radiation and the unshaded area
represents the intensity of molecular radiation. This method mea-
sures essentially the ratio of concentrations of atoms to molecules,
that is, the degree of dissociation. As such, it is only weakly depen-
dent on the local gas density: The density-dependent component of
the energy is the thermal energy, which is relatively small in this
highly dissociated regime. This wavelength range is the only wave-
length range for air that presents this feature. The accuracy of this
method is independent of the wavelength resolution of the spec-
trometer used because the area under the curve is independetn of
the wavelength resolution. Noise is minimal: When the spectrome-
ter is focused at points ahead of the bow shock, the received signal
was less than 1% of that behind the bow shock.

The atomic-to-molecular radiation intensity ratios thus deter-
mined are compared in Fig. 10. In Fig. 10, the experimental value
is shown with an estimated error bar of +10%. Both the one-
dimensional and the two-dimensional theoretical values are shown.
For the one-dimensional results, error bars are shown for an esti-
mated error range of £40%, 20% in the uncertainty in the radiation
intensity parameters plus 20% in the calculation of the nonequi-
librium excited state populations. As seen, the intensity ratio is a
very strong function of flow enthalpy. For the cases with the stan-
dard rates, the one-dimensional and two-dimensional calculations
are approximately in agreement. The higher rates result in a higher
ratios, and the lower rates results in lower ratios. However, the de-
viations of these nonstandard rates are relatively small.

According to Fig. 10, the observed atomic-to-molecular radiation
intensity ratio is reproduced if the flow enthalpy were 40.6 MJ/kg by
both the one-dimensional and two-dimensional methods assuming
the standard rates. This supports the earlier assessment that this con-
dition is the most likely flow condition as presented in Table 1. The
0.1 times the standard rates lead to an enthalpy value of 42 MJ/kg,
whereas the 10 times the standard rates lead to 40 MJ/kg. Based on
the larger of the deviations for the two, the uncertainty in the en-
thalpy value is determined to be 1.4 MJ/kg. The range of uncertainty
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Centerline enthalpy, MJ/kg

Fig. 10 Comparison of experimental and theoretical atomic-to-
molecular intensity ratios.

of the enthalpy value is shown in Fig. 10 with a horizontal error bar
around the one-dimensional value at 40.6 MJ/kg.

CFD Method

The CFD calculation of arc-jet flows was made first in Ref. 14.
The code developed therein was found not be suitable for the present
operating condition. An improved version of the CFD code has been
developed at NASA Ames Research Center as reported in Refs. 15
and 16. In the new version, the latest version of the radiation param-
eters described in Ref. 17 is used, which includes the latest available
information on atomic radiation and five molecular band systems of
N, in the vacuum UV wavelength range. A three-band model was
constructed using this radiation database. The introduction of argon
in the upstream electrode chamber is accounted for, and airflow is
assumed to be introduced radially inward from the constrictor wall.
Equilibrium is assumed everywhere in the calculated domain, that
is, to points slightly past the throat. The downstream boundary con-
dition is given at a point past the nozzle throat. The code requires
only the mass flow rate and electrical current input to be specified.
Details of the method are described in Refs. 15 and 16.

The flow conditions calculated by this method are shown for the
nozzle throat in Figs. 11a and 11b. The mass flow rate for this
calculation was 0.411 kg/s, and the electrical current and voltage
were 6066 A and 4608 V, respectively, resulting in a power input
of 28.4 MW. Calculated efficiency was 0.386. The mass-averaged
enthalpy was calculated to be 27.0 MJ/kg, which is lower than
the values determined through the energy balance and the sonic
throat method by 6.6%. The centerline enthalpy was calculated to
be 41.0 MJ/kg, in close agreement (within 1%) with the value deter-
mined spectroscopically. The centerline-to-average enthalpy ratio
was 41.0/27.0 =1.52. If this centerline enthalpy value is used in
the calculation of the stagnation-point heat transfer rate for the cop-
per calorimeter, the calculated rates agree with the measured values
under the assumption that the catalytic efficiency is 0.02.
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Fig. 11 Results of CFD calculation at nozzle throat: a) enthalpy and
temperature and b) velocity and density.

Discussion

In Fig. 12, the results from the five methods are summarized and
compared. The mean value of the mass-averaged enthalpy between
the heat balance method and the sonic throat method is 28.8 MJ/kg,
as compared to the CFD value of 27.0 MJ/kg. The heat transfer
rate method yields a minimum value of the centerline enthalpy of
30.5 MJ/kg. The spectrometric method yields the centerline en-
thalpy value of about 40.6 MJ/kg, as compared to the CFD value of
41.0 MJ/kg.

Based on the spectrometrically determined centerline enthalpy
value, the ratio of the centerline-to-average enthalpies is

centerline enthalpy ~ 40.6 141
average enthalpy ~ 28.8

The CFD value of this ratio, 1.52, is only slightly different from
this value. That the centerline enthalpy is higher than the average by
40 or 50% is reasonable. All six methods considered in the present
work seem to function as well as expected, and no contradictions
are found among them. The good agreement between the spectro-
scopic method and the CFD calculation on the centerline enthalpy
lends credence to the centerline value obtained. In the future, in
the absence of an independent measurement of centerline enthalpy,
it could be estimated approximately from the average value us-
ing the centerline-to-average enthalpy ratio obtained in the present
work, provided that the operating condition is similar to the present
one.

The centerline enthalpy value of 40.6 MJ/kg corresponds to the
flight velocity of 9.0 km/s. The combination of the enthalpy and the
pitot pressure of the present test corresponds to a flight altitude of
52 km.
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Fig. 12 Comparison of enthalpy values.

Conclusions

For one selected operating condition of the IHF at NASA Ames
Research Center, the heat balance method yields a mass-averaged
enthalpy of 28.7+0.5 MJ/kg, whereas the sonic throat method
yields 28.8 0.5 MJ/kg. The lower bound of the centernline en-
thalpy as determined by the heat transfer rate to the stagnation point
of ablunt body, corresponding to an equilibrium flow or a frozen flow
for a fully catalytic wall, is 30.5 £ 1.2 MJ/kg. When the spectrum of
the radiation emitted by the shock layer over the blunt body is ana-
lyzed, the centerline enthalpy is determined to be 40.6 + 1.4 MJ/kg.
Based on the spectral data, the ratio of the centerline to average
enthalpies is about 1.41. The CFD calculation yields a centerline
enthalpy value that closely (within 1%) agrees with the spectromet-
ric value, as well as an average enthalpy value only slightly (6.6%)
lower than the measured values. Thus, all methods are consistent
with the average enthalpy value of about 29 MJ/kg and the centerline
enthalpy value of about 41 MJ/kg.
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