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Hypersonic Flow Diagnostic Studies in a

Large Arc-Heated Wind Tunnel

James L. FoLck* anp Ricaarp T. SmrtaT
Adr Force Flight Dynamics Laboratory, Wright-Patterson Air Force Base, Ohio

This study consisted of the experimental investigation of test flow in an arc-heated hyper-
sonic wind tunnel. These tests utilized a high-voltage d.c. arc heater which operated at
input powers in excess of 50 Mw and provided reservoir pressures ranging from 100 to 1500 psi
and bulk enthalpies from 1500 to 4000 Btu/lb. Local freestream measurements of Pitot pres-
sure, mass flux, stagnation point heat-transfer rate, and wall static pressures were obtained at
the exit of a nominal 2-ft-diam conical nozzle. Stagnation enthalpy profiles at the nozzle
exit became peaked at high stagnation pressures. From these data, centerline enthalpies as
high as 6500 Btu/lb were indicated in the flow. Selective comparisons between theory and
experiment are presented. At a reservoir enthalpy of approximately 2500 Btu/lb and for
stagnation pressures in excess of 500 psi, the expanded flow data were in good agreement with
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equilibrium expansion theory. However, below 500 psi, the data compared more closely
with nonequilibrium theory with the flow frozen downstream of the nozzle throat.

Nomenclature
A = area, ft?
A* = throat area, ft?
Cp = specific heat at constant pressure
E = voltage
H = enthalpy, Btu,1b
I = current, amperes
Le = Lewis number
m = water flow rate, lb/sec
P = pressure, psia
Pr = Prandtl number
Pr, = Pitot pressure, mm Hg
d = heat-transfer rate, Btu/{t?-sec
Ry = radius
AT = temperature change
u = velocity, fps
L = characteristic length
5% = boundary-layer displacement thickness
7 = efficiency, %,
u = viscosity
P = density, 1b/ft?
@ = air mass flow rate, lb/sec
Subscripts
d = dissociation
esf = equilibrium sonic flow
F&R = Fay and Riddell equation
HB = heat balance
H,0 = water property
0 = gtagnation conditions
r = reference conditions
s = local stagnation conditions
w = conditions at wall
@ = freestream conditions

1. Introduction

RC-heated hypersonic wind tunnels play an important
role in today’s aerospace technology. These faciliiies

are required to study aerodynamic heating and ablation char-
acteristics associated with hypersonic cruise and re-entry ve-
hicles. This type of an investigation requires an extreme hy-
perthermal environmental facility capable of operating on a
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continuous basis. The arc heater is one of the best available
means for establishing the required reservoir conditions. How-
ever, most arc heaters have some inherent characteristics
which for certain operating conditions can result in large ra-
dial temperature gradients across the jet.

Also, because of high stagnation temperatures produced in
the arc chamber, the vibrational energy modes of the gas
molecules become excited and an appreciable amount of dis-
sociation occurs. As the gas is expanded through a nozzle,
the rapid changes in temperature and density are sufficiently
rapid that the recombination and vibration de-excitation re-
action processes cannot equilibrate. The resultant thermal
and chemical nonequilibrium gas state is characterized by a
reduction in the velocity, static pressure, and temperature as
compared to an equilibrium expansion. Experiments!—?
have shown that an equilibrium expansion of a high-tempera-
ture gas can only be achieved for a very restricted range of
reservoir conditions. Thus, a nonequilibrium expansion
process must be considered for the general case. Theoretical
studies! *~® of a nonequilibrium expansion process have been
made using an inviscid, one-dimensional, chemically reacting
gas model. However, to date, no successful attempt has been
made in coupling the nonequilibrium expansion with a realis-
tic ‘boundary-layer caleulation. Therefore, until this is ac-
complished, these programs cannot be used to predict arc
heater-nozzle performance. Thus, the important test section
flow parameters must be experimentally determined. Several
plasma diagnostic studies have been reported,”"1° yet the
study presented here is one of the most complete calibrations
of an arc-heated hypersonic wind tunnel which has been ac-
complished to date. Local freestream measurements of Pitot
pressure, mass flux, stagnation point heat-transfer rate, and
wall static pressure have been made and selective comparisons
between theory and experiment are presented.

2. Description of Equipment
and Instrumentation

This facility is the Air Force Flight Dynamies Laboratory
50 Mw Electrogasdynamics Facility. This wind tunnel, de-
scribed in Ref. 11, is of a continuous flow type utilizing high-
pressure dry air, heated by a high power, high-voltage arc
heater, and exhausted through several stages of vacuum
pumps. The arc heater shown in Fig. 1 consists of two coaxial
tubular electrodes separated by an electrically insulated air
inlet chamber. Air is injected tangentially into the heater
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Fig. 1 High-pressure arc heater.

which induces a vortex flow to stabilize the arc and rotate the
arc attachment points. The arc heated flow was expanded
through a 16° (included angle) conical nozzle with a 1-in.-diam
throat and 25.2-in. exit diameter. All wind-tunnel compo-
nents subjected to critical heating rates are protected by high-
pressure, high-velocity, back side water cooling.

The primary flow diagnostic probes used in this investiga-
tion consisted of a total pressure probe, a mass flux probe, and
a stagnation point heat transfer probe. These probes have an
external diameter of 1 in. and are approximately 12 in. long.
Details of the design of these probes are described in detail in
Ref. 12. The mass flux probe is a sharp lipped aspirating type
probe designed to fully capture a small tube of the freestream
flow which is pumped through a calibrated orifice. Knowing
the inlet area of the probe allows one to determine the local
mass flux (pu). In order to measure the Pitot pressure, a
valve was closed in the aspirating flow line causing the flow to
stagnate so that consecutive measurements of pu and Pr,
could be made. The stagnation point heat-transfer probe
congists of a small thermally insulated copper slug located at
the stagnation region of the nose and cooled by high-velocity
water. The steady-state heat input to the nose cap, deter-
mined from the water flow rate and temperature rise, is con-
verted to stagnation point heating rate by applying the proper
constants to account for distribution effects. A small Pitot
pressure probe with an external diameter of 0.0625 in. was also
used for detailed boundary-layer measurements.

The primary data acquisition equipment for these tests con-
sisted of an Ambilog hybrid (analog-digital) data processor
that allowed on-line data reduction and computation.

3. Experimental Procedure and
Data Presentation

3.1 GeneraljTestiProcedure

The arc heater was started and the nozzle flow was estab-
lished. The are voltage and current were then adjusted to
give the desired test conditions. ‘

The probe was then inserted into the flow and positioned
radially across the jet by manual control of the hydraulic drive
control system. The surveys were made using a step-pause
technique to eliminate the possibility of errors from slow time
response instrumentation. At each test point, the data ac-
quisition system was activated and all data channels, including
the arc heater parameters, were simultaneously recorded,
computed, and stored on magnetic tape. Several test condi-
tions could be obtained during a run by resetting the are-
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heater conditions and repeating the test sequence. Typical
continuous run duration for this test series was from 10 to 30
min. During the test, periodic instrument checks and cali-
brations insured the accuracy of the measured value of the var-
ious parameters.

3.2 Arc Heater Performance

These flow studies, which are reported in detail in Refs. 13
and 14, were conducted in conjunction with an extensive fa-
cility calibration and arc-heater development program. A
typical arc-heater performance curve is presented in Fig. 2.
In this type of heater the arc length and attachment points are
not fixed. The arc length and operating voltage increase with
the air mass flow and reservoir pressure. Consequently, as
the heater pressure is increased, the downstream arc termina-
tion approaches and can blow through the nozzle throat. The
initial runs were made with a 45-in.-long front electrode in-
stalled in the heater. For this electrode length, the arc would
blow through the throat and terminate downstream of the
nozzle wall when the are chamber pressure exceeded approxi-
mately 500 psi. This caused a highly ionized core at the flow
centerline. To alleviate this condition, the electrode length
was increased to 72 in. and finally to 96 in. The increased
length permitted heater operation at successively higher reser-
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Fig. 2 Typical arc-heater performance characteristics.
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Fig.3 Typical Pitot pressure profiles with 96-in. electrode.

voir pressures and improved the flow uniformity at the nozzle
exit. The heater efficiency dropped slightly, but generally
ranged from 35%, to 609, for all the operating conditions and
configurations tested. The majority of the test program was
accomplished using a l-in.-diam throat which operated at
reservoir pressures from 300 to 1500 psi and input power to 35
Mw. Using a 2-in.-diam throat restricted the pressure range
from 100 to 500 psi, but permitted operation at higher en-
thalpy levels with input power to 51.7 Mw. Bulk or heat
balance enthalpies ranging from 1500 Btu/Ib to 4000 Btu/lb
were obtained.

3.3 Nozzle Exit Measurements

Nozzle exit surveys and centerline measurements of the
Pitot pressure, mass flux, stagnation point heat-transfer rate,
and wall static pressure were obtained for all available reser-
voir conditions. Discussion of the centerline Pitot pressure
measurement and wall static pressure data will be reserved for
a following section. The radial flow surveys made during
these tests were of major importance in the flowfield calibra-
tion. These surveys show that arc heater configuration, par-
ticularly the front electrode length, exhibited a strong influ-
ence on the nozzle exit flow uniformity.

Pitot pressure—mass flux surveys

Radial Pitot pressure and mass flux profile measurements
were obtained for numerous reservoir conditions for all the arc-
heater configurations. Typical survey data, given in Figs. 3
and 4, for the 96-in. electrode configuration show that these
profiles were very uniform across the inviscid core for stagna-
tion pressures to 100 atm. Pitot pressure surveys made with
the shorter arc heater configuration showed a tendency to dip
slightly toward the nozzle centerline particularly when operat-
ing the heater at high pressures or high currents. However,
these effects were minimal and all the surveys across the core
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Fig. 4 Mass flux profiles, with 96-in. electrode.
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Fig. 5 Boundary-layer Pitot pressure profiles.

flow were flat to within 59, of the centerline values for all the
arc heater conditions and configurations tested.

Detailed Pitot pressure profiles in the boundary layer were
obtained for several operating conditions and are shown in Fig.
5. The small water cooled Pitot probe was used for the mea-
surements near the wall to improve the resolution and posi-
tioning accuracy.

Stagnation-point heat-transfer data

Stagnation-point heat-transfer rate profiles and centerline
measurements were made for numerous are-heater operating
conditions. On the first few runs made with the probe, it was
noted that a black copper oxide coating would form over the
copper sensing slug as well as remaining probe surfaces. Sev-
eral studies®. ' have shown that surface oxidation can make
the wall non-catalytic to atom recombination and may cause a
significant reduction of the heat-transfer rate. However, the
analysis in the next section shows that the majority of the dis-
sociation energy was recovered.
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Fig. 6 Typical centerline stagnation-point heat-transfer
rate. Measurements with the 72-in. and 96 in. electrodes.
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Initially, the centerline measurements of the heat-transfer
rate shown in Fig. 6 were difficult to interpret at the high-pres-
sure conditions due to the data scatter and inconsistent trends.
These data were brought into proper perspective by examining
the complete radial profiles at various operating conditions.
The effects of heater pressure on the profile shape for the 96-in.
electrode configuration is shown in Fig. 7. Note that the arc
heater with the long electrode could be operated to pressures
of 1000 psi with uniform profiles across the core.

3.4 Total Enthalpy Measurements

The total enthalpy of the gas is one of the most important
test parameters to be duplicated and therefore, several meth-
ods of measuring it were employed.

Heat balance method

An energy balance of the arc heater and nozzle can be made
by measuring the electric power input to the heater and the en-
ergy loss to the cooling water. The d.c. power to the arc
heater was determined by continuously monitoring the operat-
ing voltage and current. The air mass flow rate was measured
with an unchoked calibrated orifice located upstream of the
heater. The water flow rates and the temperature rise of the
cooling water to the electrodes and swirl chambers were used
to determine the energy loss in the heater, from which the
heater efficiency and heat balance enthalpy were calculated.
The losses to the throat were a maximum of 2.5%, of the heater
input power and were not included in the heat balance en-
thalpy calculations. Combining the heater energy balance
with the air flow rate gives the bulk or heat balance enthalpy

Hyp = [EI — (mCpAT)u0]/® 3.1)

The heat balance enthalpy being a bulk measurement is not
representative of the true centerline enthalpy because of the
nozzle boundary layer and the incomplete heat diffusion from
the arc.

Equilibrium sonic flow method

The total enthalpy of the flow can also be obtained from the
throat area, air mass flow rate, and stagnation pressure by
using the equilibrium sonic flow theory. An empirical ex-
pression of this type formulated by Winovich? is given by

H.s = (280A*Po/0)2-519 (3.2

The assumption inherent in this equation is that the flow can
be represented by a uniform one-dimensional equilibrium flow
through the throat with a discharge coefficient of one. The
arc heater geometry and flow pattern and gas chemistry must
be critically analyzed to determine the applicability in each
particular case.

The equilibrium sonic flow enthalpy was calculated for the
present test conditions and compared with the enthalpy based
on the heat transfer probe and the heat balance enthalpy.
This comparison shows that the sonic flow enthalpy calculated
from the above equation was as much as 309, higher than the
centerline heat-transfer probe enthalpy and approximately
509, higher than the heat balance enthalpy. The higher en-
thalpy is believed to be caused by the reduction of the effec-
tive throat area due to a strong swirl flow in the heater.
Several cold blow tests were made blowing air through the
heater with and without the swirl injectors installed. The
heater pressure and air mass flow rate were recorded for each
configuration. The swirl flow in the heater was found to re-
duce the mass flow rate by approximately 209, for fixed heater
stagnation pressures. Thus, the swirl flow reduces the effec-
tive throat size for ambient air temperatures. The same
effects should be present with the arc beater operating, but
the magnitude could not be directly measured since the swirl
is required to stabilize the arc during normal operation.
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Fig. 7 Stagnation-point heat-transfer rate profiles show-
ing the effect of pressure on flow uniformity with 96-in.
electrode.

Since the effective throat diameter appears in the equilibrium
sonic flow equation to a power of about 5, a small error in this
parameter will give gross errors in the enthalpy caleulated by
this equation. Thus, any correlation between this method
and the true stagnation enthalpy is strictly fortuitous and
should not be used for a vortex stabilized arc heater.

Stagnation-point heating rate method

The total enthalpy can also be caleulated from measure-
ments of the stagnation-point heat-transfer rate and Pitot
pressure by using a theoretical equation relating these quan-
tities. The theoretical determination of the aerodynamic
heating rates for high enthalpy flows is complicated due to the
large amount of dissociation energy that can become frozen
in the flow. If complete recombination of the atoms does not
occur the measured heating rate and consequently the en-
thalpy can be considerably reduced. Total enthalpy of the
flow was determined by combining the local measurements of
Pitot pressure and heat-transfer rates with equilibrium heating
rate theory. The theoretical equation of Fay and Riddell*
relating the heat-transfer rate and the total enthalpy with the
assumption of a fully catalytic wall was used in the calcula-
tions

Hrpgr = ho +
q(R) 1/2
0.906P,~0-5(pu),," (o) 41 + (L€ — 1)ha/Ho](Pro/pr.)*%
(3.3)

The transport properties were evaluated using the real gas
approximations of Hansen.’* In addition to the gas chem-
istry and wall catalytic effects, studies reported in Ref. 20 in-
dicate that the heating rates can also be influenced by free-
stream turbulence. These effects are not fully understood
and the best analysis available cannot be used to obtain quan-
titative results. Thus, when the stagnation-point heating
rate method is used to determine the flow total enthalpy, an
independent measurement should be made with which to
corroborate the results.

Discussion of results

The total enthalpy profiles were highly peaked for some
operating conditions and follow the same trends as the heat-
transfer distributions due to the uniform pressure profiles.
Enthalpy profiles shown in Fig. 8 for the 72-in. electrode con-
figuration show that peaking can produce centerline enthalpies
almost three times higher than heat balance values. Enthalpy
profiles for the 96-in. electrode also shown in Fig. 8 were flat
up to a pressure of approximately 1000 psi. Further in-
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Fig. 8 Total enthalpy profiles showing the effects of pres-
sure and operating current.

creases in pressure causes the enthalpy profile to peak near the
center of the flow. The maximum increase in centerline en-
thalpy for this arc heater configuration was 409, above
the heat balance enthalpy. The peaked enthalpy profiles did
not follow a consistent trend as is exemplified by the surveys at
1140 psi and 1310 psi. Thus, duplicating the arc heater
geometry and pressure in the operating range where peaking
oceurs will not insure repeatable centerline conditions.
Centerline and heat balance enthalpy measurements are
summarized in Fig. 9 and show the effects of pressure and front
electrode length. The data for the 72-in. electrode show that
the peaking starts at approximately 600 psi and the centerline
enthalpy is scattered depending on many factors including rear
coil position and electrode surface condition. The centerline
enthalpy peaking for the 96-in. electrode did not become sig-
nificant until pressures exceeded 1000 psi. Below this pressure
the data could be consistently repeated to within 59, or less.
The enthalpy peaking is most likely caused by the arc ap-
proaching the nozzle throat and not allowing sufficient mixing
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Fig. 9 Total entbalpy measurements with the 72-in.
and 96-in. electrodes.
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Table 1 Comparison of Enthalpy
Measurement Techniques

Elec-
trode Hrere, Hus, (Hreg),
length, Py, I, DPower, =, Btu/ Btu/ Btu/

in. atm amp Mw % Ib Ib b

96 60.5 2400 19.2 0.40 2410 2080 2150
96 101.5 2400 32.2 3790 2390 2160
45 29.2 4000 11.0 4930 3350 3340
45 42.9 3200 18.9 4480 3380 3210

[en e N a)
Ot
Ot =

length for the hot gas. The peaking starts when the arc ter-
mination is about 10 electrode diameters from the throat and
continues until the arc blows through the nozzle throat. The
longer electrode configurations resulted in a more uniform tem-
perature distribution and subsequently reduced the centerline
enthalpy. However, this increased length reduced the data
seatter and increased the pressure capability without a large
decrease in the heat balance enthalpy. The over-all effect of
the increased electrode length was to significantly improve the
flow uniformity and the arc heater high-pressure capability.

The enthalpy calculated from the heat-transfer Pitot probe
measurements and the heat balance enthalpy were found to be
consistent. The enthalpy surveys from the heat-transfer
probe can be combined with the mass flux profiles to give an
average or bulk enthalpy defined by

2
== fo ® H (owyrdr (3.4)

This equation was numerically integrated for several varied
profile shapes and operating conditions with the results sum-
marized in Table 1. The favorable agreement between the
heat balance enthalpy and the integrated enthalpy profiles
based on the heating rate and Pitot pressure measurements
shows that the assumptions of fully catalytic wall and equilib-
rium heating rate theory are valid for the range of conditions
tested.

4. Comparison of Experimental Results
with Theory

4.1 Theoretical Analysis

In order to compare the experimental results of this investi-
gation with theoretical predictions, several caleulations were
performed with the aid of a 7094 computer using a real gas
nozzle expansion program. The flow model for these calcula-
tions tailored after the work of Yoshikawa and Katzen?!
assumes steady-state, one-dimensional flow that is expanded
from a given set of reservoir conditions (Ho, Py) either isen-
tropically or in a predetermined chemically frozen state.
The thermodynamic properties were obtained using the
Arnold Engineering Development Center (AEDC) WRKHAT
computer program developed by Lewis and Burgers.?? The
frozen flow calculations were made assuming the chemical
composition of the gas fixed at the nozzle throat.

The effects of the boundary-layer displacement was in-
cluded in the analysis by using an empirical equation for cal-
culating the displacement thickness. An iteration routine
was used, alternately calculating the expansion properties
and then the displacement thickness. The assumed inviseid
exit diameter was corrected using the calculated value of the
displacement thickness and the expansion was then recalcu-
lated. This process was continued until convergence was ob-
tained.

4.2 Boundary-Layer Thickness Determination

The boundary-layer displacement thickness was calculated
in this program using an empirical expression developed by
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Burke and Bird?23:
6* = 0.49L(pul/u,) 53 (4.1)

where the density and viscosity were evaluated at the Eckert
reference enthalpy?* given by

H, = 0.22H, + 0.5H, + 0.28H, (432)

Several more recent formulas and techniques for calculating
displacement thicknesses have been formulateds?® in an
attempt to provide a better curve fit over a wider range of test
conditions. However, the validity of this boundary-layer
correction was checked experimentally by numerically inte-
grating several mass flux profiles to obtain the boundary-
layer displacement thicknesses at various operating condi-
tions. Comparing the results of these integrations with the
Burke and Bird equation in Fig. 10 shows that this equation is
adequate in the Mach number and Reynolds number ranges
covered in these tests. The scatter of some of these data
points can be attributed to the relatively large mass flux probe
and the large spacing between data points. These data
points were typically one half inch apart in a 4-in.-thick
boundary layer.

4.3 Correlation of Nozzle Exit Pressures

The nozzle expansion program was run for reservoir condi-
tions consisting of enthalpies ranging from 2000 to 4000
Btu/lb and stagnation pressures from 200 to 1400 psi. Ex-
pansions based on these assumed reservoir conditions and
nozzle geometries were calculated for equilibrium and frozen
flow models. The results are compared with Pitot pressure
and static pressure measurements in Figs. 11 and 12.

Pitot pressure calculations are shown to be relatively in-
sensitive to the flow model employed and therefore cannot be
used to determine the chemical state of the gas. Centerline
Pitot pressure measurements shown in Fig. 11 correlated well
with the reservoir pressure and were independent of all other
operating parameters. A straight line fairing through these
data was made with a mean deviation of less than 19,.  Also,
it should be noted that since the impact pressure is insensitive
to the state of the gas, this is also a measure of the effective
area ratio of the nozzle and provides an independent check on
the displacement thickness calculations.

It has been shown that the effect of the swirl flow in the arc
heater can cause significant errors in calculating the mass flow
rate and flow enthalpy using one-dimensional sonic flow
theory. This, however, has little effect on the test section
flow. Estimates of the radial distribution of the test section
flow swirl angle have been made by measuring the pressure
differentials on a multiorifice hemispherical probe. From
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Fig. 11 Comparison of typical centerline Pitot pressure
with theory.

these tests it was concluded that the flow swirl angle in the test
section was negligible.

Departures from equilibrium in the expansion process can
cause large differences in nozzle exit static pressures. Wall
pressures were measured over a range of reservoir pressures
and are compared with theory in Fig. 12. In the pressure
range from 100 to 500 psi, the data fall between the equilib-
rium and frozen flow theory. Since the chemistry was as-
sumed frozen at the throat, this would indicate that the non-
equilibrium starting point is slightly downstream of the
throat. No attempt was made to adjust the nonequilibrium
starting point as is usually employed in this type analysis;
however, this technique would bring the data and theory into
closer agreement. For reservoir pressures in excess of 500 psi,
the nozzle exit static pressures were in good agreement with
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equilibrium expansion theory. Shock tunnel experiments re-
ported by Nagamatsu?? gave almost identical results.

5. Conclusions

These investigations have shown that for the range of condi-
tions tested, the standard hypersonic low diagnostic measure-
ments of pressure, mass flux and heat-transfer rate are adequate
for determining the flow uniformity and the gross thermo-
chemical state of the gas. The radial flow surveys were of
major importance in assessing the flow quality and therefore,
must be included in the flowfield calibration of any are heated
wind tunnel. The Pitot pressure and mass flux measurements
alone can give an inaccurate picture of the flow uniformity.
These data must be accompanied by a local measurement of
the stream temperature or enthalpy to completely describe
the flowfield.

From the three independent enthalpy measurement tech-
niques which were evaluated, it can be concluded that the
heating rate method can be successfully used in a high pressure
arc heated wind tunnel to determine the local total enthalpy
of the expanded flow. The sonic throat method of enthalpy
determination was critically analyzed for a vortex stabilized
arc heater and shown to be susceptible to large errors due to
the strong swirl low which exists at the throat. The experi-
mental expanded flow data were found to be in good agreement
with one-dimensional real gas flow analysis when the appro-
priate reservoir conditions are used and boundary-layer cor-
rections are applied. Using the heat balance enthalpy and
arc-heater pressure as the reservoir conditions, the nozzle exit
pressure correlated even when the enthalpy profiles were
highly peaked.

For reservoir enthalpies from 2000 to 2500 Btu/lb and
heater pressures in excess of 500 psi, the expanded flow data
were in good agreement with equilibrium expansion theory.
The nozzle static pressures exhibited nonequilibrium expan-
sion characteristics for reservoir pressure less than 500 psi.

Although the peaked enthalpy distribution is not desirable
for most aerodynamic type test programs, it may be advan-
tageous for some blunt body aerodynamic heating tests. In
this operating mode, centerline stagnation region heat-
transfer rates three times higher than normal can be achieved.
This severe peaking can be suppressed by proper selection of
the front electrode length. Thus, before meaningful aero-
dynamic and aerothermodynamie testing can be accomplished
in arc heated hypersonic facilities, the many problems as-
sociated with the arc heater operation, flow diagnostics and
the effects of gas chemistry must be carefully analyzed to in-
sure proper simulation of the flight environment.
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