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Nomenclature
= transition probability
= nozzle throat area
= pressure coefficient
= specific heat
speed-of-light
= energy
= oscillator strength
= statistical weight
= Planck constant
= enthalpy of formation of nitrogen atoms
total specific enthalpy
centerline enthalpy
= intensity
= current
current
= rotational quantum numbers of upper and lower
states, respectively
= Boltzmann constant
= mass
= gas flow rate
number of molecules
= number density
= electron density
= total pressure
stagnation point pressure
partition function
stagnation point heat flux
radius of cylinder
= effective radius of body (equivalent sphere)
radial distance
= electron radius
= temperature
= time
= velocity
= velocity
= distance from leading edge
distance from surface
= axial distance
= emission
= wavelength

S

"

~

;*N%\mh O e
i

> >
3z
=
il

k=]
il

By S~
=
[l

Y

NS ZIIF
I

SESE
(Il

Il

]
==

TN Y X
li

>N
Il

vy = frequency of transition from state i to j
P = density

Subscripts

calc = calculated

cwW = cold wall

e = electron

i = state ‘{7

m = metastables

w = evaluated at wall
0 = ground state

oo = freestream

Introduétion

ESTING of the spacecraft thermal protection materials

and systems to determine their performance is usually
done in an arc-heated wind tunnel or test facility. Samples of
the material are immersed in the high enthalpy flow and heated
to a temperature or level of heat flux to simulate the local
flight environment. Test articles, constructed to represent lo-
cal spacecraft structures, are subjected to heating protfiles that
test the capability of the materials and structures to withstand
the anticipated local flight environment. How well the test
simulates conditions is determined by predicting the local flight
environment and comparing the predictions with the mea-
surements of the arcjet flow environment. Determining the
arcjet environment requires complex analytical and experi-
mental procedures. The accuracy of the simulation often de-
pends on the ability to measure the flow properties and to
control these properties within the capability of the facility.

Arcjet facilities are also used to determine the rates of
energy accommodation in catalytic recombination of atoms
on surfaces. This requires detailed knowledge of the flow
conditions (including freestream and shock layer flow com-
position), velocity, and density, in order to calculate the heat-
ing that results from both thermal convection as well as species
diffusion.

This paper addresses methods for determining enthalpy,
pressure, temperature, velocity, and species-excited state
populations of the flow. Because arcjet flows are usually in
thermal and chemical nonequilibrium, determinations of the
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10 SCOTT: FLOW PROPERTIES IN ARCJETS

various energy modes are needed; thus it is necessary to mea-
sure the vibrational, rotational, translational, electron, and
excitation temperatures. Both intrusive and nonintrusive means
for determining these flow properties are discussed herein.
Table 1 shows the various flow properties to be discussed and
the diagnostic techniques that may be used to determine them.

The use of arcjets that simulate re-entry into the Earth’s
atmosphere dates back to the 1950s; many of the techniques
in use today to determine the flow characteristics date back
to that time. In the 1960s, spectroscopic and electrostatic
techniques were applied to diagnose the flow. However, these
sophisticated techniques fell into disuse because of the major
manpower commitment required, lack of funds, and the prior-
ity use of facilities to test materials and structures over under-
standing details of the flow. The main types of early diag-
nostics or characterization of the flows were heat flux, surface
temperature, enthalpy, and pressure measurements. Even the
enthalpy was relegated to a subordinate parameter as far as
thermal testing of structures was concerned. However, when
it became apparent that the Space Shuttle Orbiter thermal
protection tiles and the leading-edge material were fairly non-
catalytic with respect to atom recombination, there was in-
creased interest in understanding the composition of the flow
and its interaction with thermal protection materials. This has
led to the implementation of modern spectroscopic and laser
diagnostic techniques in arcjet facilities.

Although the development of diagnostic techniques for low-
density nonequilibrium is rapidly advancing, this paper ad-
dresses only techniques that actually have been demonstrated
as useful for measuring properties in arcjet flows—and mostly
in arcjets used for materials testing.

Most of these techniques require a large amount of effort
to carry out. They are not easy and are full of pitfalls. There-
fore, to engage in a diagnostics program using these tech-
niques requires a large commitment of personnel and facility
time. These techniques may not be developed to the extent
to which a definitive statement can be made about the range
of conditions or accuracy may be assessed. Development ef-
fortis still needed in some cases to fully exploit the techniques.

Arcjet facilities have been applied to various flight regimes,
from the high-pressure and high-heating environments of bal-

listic missile re-entry and planetary atmosphere entry to the
relatively low-pressure environment associated with re-entries
of lifting manned spacecraft. Most of this paper addresses the
lower pressure regime because of the author’s familiarity with
it and because of the current interest in hypersonic manned
flight. Although the atmosphere of primary interest is air, the
arcjet flow of the atmosphere noble gases will be addressed
briefly, because 1) these gases are simple and illustrate the
diagnostic techniques; and 2) noble gases may be used as trace
species for diagnostic purposes.

In the lower pressure regimes, the flow is not in chemical
equilibrium and in many instances is not in thermal equilib-
rium. For example, the electrons may be at a different tem-
perature from the heavy particles. Also, the vibrational state
populations may deviate from a Boltzmann distribution. These
nonequilibrium effects have a tendency to complicate the flow
description and diagnostics. Therefore, to fully characterize
the flow it is necessary to measure additional flow parameters.
Measurements to determine these nonequilibrium phenom-
ena and effects include spectroscopy, laser-induced fluores-
cence, direct mass spectrometry, and catalytic and electro-
static probes.

Measurement Parameters

Arc Heater Operational Parameters

Basic information about the operation of the arc heater
itself is necessary for an understanding of the flow properties.
In particular, the total pressure and enthalpy of the flow is
derived from measurements of the arc heater operating con-
ditions. (A discussion of the various methods used to deter-
mine the average total enthalpy of the flow is given by Pope.")
The bulk total enthalpy is obtained from the heat balance
method. For the heat balance, the arc current, arc voltage,
and mass flow rate of the gas are measured. Also, the heat
lost to the walls of the heater is determined from the heat
gain of the coolant. From these measurements the total en-
thalpy averaged over the flow is calculated using

1V — m C(AT —~ AT,)

my

hr (1)

Table 1 Arcjet flow parameters and diagnostics techniques for their determination

Measurement technique

Parameter
Stagnation point pressure
Heat flux
Enthalpy

Species concentrations
Excitation temperature of atoms
Rotational temperature of molecules

Vibrational temperature of molecules

Static temperature of electrons

Static temperature of gas
Velocity

Electron density

Pitot probe with pressure transducer
Gardon gauge
Slug calorimeter
Energy balance
Sonic throat technique
Heat flux and stagnation pressure
Mass spectrometer probe
Emission spectroscopy, line intensities
Emission spectroscopy
Laser-induced fluorescence
Electron beam fluorescence
Intensity distribution
Emission spectroscopy
Absorption spectroscopy
Laser-induced fluorescence
Electron beam fluorescence
Emission spectroscopy,
Continuum spectroscopy
Doppler profiles, laser
Thomson scattering
Electrostatic probes
Doppler profiles, laser-induced fluorescence
Doppler laser-induced fluorescence
Electrostatic probes
Doppler taser Thomas scattering
Electrostatic probes
Emission spectroscopy
Continuum intensity
Stark line broadening
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where the current is /, the voltage drop across the heater is
V, m,_ is the coolant flow rate, C, is the specific heat of the
coolant, AT is the temperature rise of the coolant, and AT,
is the temperature increase of the coolant due to viscous ef-
fects in the coolant passages. Measurement of the temperature
rise of the coolant with no arc yields AT,. Because the tem-
perature rise of the coolant is usually small it is necessary to
take some precautions to measure it accurately. This is the
major source of uncertainty in determining the bulk average
enthalpy. To determine the enthalpy of the inviscid core of
the jet only heat losses in the heater itself should be included
in Eq. (1) and not the heat loss to a nozzle wall. To determine
the mean enthalpy of the fully developed flow (as in a duct)
the energy losses to the duct wall should be included. Also
the nozzle losses should be included if the enthalpy integral
(heat flux) method discussed below is to be used. Because
Eq. (1) yields a bulk average, it does not reveal any infor-
mation about the detailed enthalpy distribution in the flow-
field.

Other techniques for determining the enthalpy of the flow
are the sonic throat method (also called the sonic flow method)
and the heat flux method. The sonic throat method will be
addressed first. In its simplest form, the method depends on
the assumption of perfect gas flow' or equilibrium flow.? How-
ever, if a nonequilibrium flow code is available, the method
could be extended to nonequilibrium flow provided some rea-
sonable starting conditions can be assumed—an assumption
that is not always feasible. The total enthalpy of the flow is
related to the stagnation pressure and the nozzle throat area
by the relation

hy =~ 0.0492 <M> )
m

8

where the units are all in the international system of units
(SI). The total pressure in an arc heater may be used to
determine the enthalpy or total temperature if the flow can
be considered in equilibrium upstream of the nozzle throat.
Accurately determining the total pressure also needs careful
attention. At the upstream end of the heater where the gas
velocity of the flow is near zero, the stagnation pressure may
be measured by a static pressure tap. However, this stagnation
pressure is not the same as the stagnation pressure of the flow
at the nozzle throat due to the heating and viscous effects in
the arc heater.? Likewise, static pressure measurement at the
nozzle throat is not an accurate measure of the stagnation
pressure, since the flow is near sonic velocity. Relating the
static pressure to stagnation pressure requires knowledge of
the ratio of specific heats of the mixture and the Mach num-
ber. The Mach number at the nozzle throat is usually taken
to be unity, but the location of the sonic line may not be
accurately known due to the effect of the viscous boundary
layer on the effective throat area. It should also be noted that
there is often some slag or other contaminants in arc heaters
which may foul or clog the orifice of the pressure tap and
interfere with accurate measurements of the pressure. These
considerations often make determining the enthalpy by the
“sonic flow” method difficult.

Another difficulty with bulk methods such as the sonic flow
and the energy balance enthalpy methods is that the flow in
arc heaters is often not very uniform. Therefore, a local mea-
sure of the enthalpy is needed. One can make a determination
of the local enthalpy using the heat flux method.!* Because
the heat flux to an object depends on the total enthalpy, a
heat flux relation can be solved for the enthalpy. In the past,
the Fay and Riddell® heating equation or a similar heat flux
relation has been used to infer the enthalpy. In using this
technique, the catalytic recombination efficiency of the sur-
face of the heat flux sensor must be known or should be very
large (effectively fully catalytic). The enthalpy can then be
obtained from the measured heat flux and stagnation point
pressure

12

R 2
h:Cg*‘ﬁ) 3
r q<p\_ 3

where C is a constant. The effective radius of the heat flux
probe depends on the shape. Most probes are either spherical
or flat-face cylinders. For spheres, the effective radius is sim-
ply the sphere radius. For flat-face cylinders, the effective
radius must be determined analytically or by experiment.
Hiester and Clark® found for the conditions of their series of
tests in a number of arcjet facilities that

Ry = R.,/0.54 (4)

Actually, the factor, which depends on the velocity gradient,
1s a function of density ratio across the shock wave. Bade and
Yos® in their nonequilibrium arcjet flow analysis, use a cor-
relation of the measurements of Boison and Curtiss” for a
flat-face cylinder.

Pope' compares the heat flux method with bulk fiow meth-
ods by surveying the stream and integrating the enthalpy dis-
tribution across the stream using the relation

(

| &

m
) — fR hg (5)
7). h—opur dr

where h, is the centerline enthalpy, # is the bulk average
enthalpy, 4 is the local enthalpy, pu is the local mass flux
(assumed to be constant function of radius), and the integra-
tion is over the area of the flow cross section.

There has been much uncertainty in the enthalpy deter-
mined from two methods in various facilities as can be seen
in Fig. 1 from Hiester and Clark* of the Stanford Research
Institute (SRI). Figure 1 compares enthalpy determined from
a slug calorimeter heat flux gauge with enthalpy determined
from the sonic flow method. The units are Btu/lb in Fig. 1.
Therefore, better techniques would be helpful. Nonintrusive
techniques will give some of the parameters that make up the
enthalpy in a nonequilibrium flow, such as the velocity and
temperatures, but they are not likely to yield all modes of
energy in the near future. Intrusive techniques such as elec-
trostatic probes and mass spectroscopic probes yield addi-
tional information such as the electron temperature and spe-
cies concentrations, respectively. However, these intrusive
techniques may perturb the flow and have other uncertainties
associated with them.
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Fig. 1 Enthalpy calculated from heating rate vs sonic flow enthalpy.*
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Flow Properties

The following sections will address various flow properties
and diagnostic techniques that have been used in arcjet fa-
cilities.

Heat Flux Measurements

Heat flux probes have been discussed as a tool for deter-
mining the local total enthalpy. The heat flux is also used to
set up test conditions for materials and structures testing.
Usually the heat flux sensors are installed in models that have
the same geometry as the test article. They are located in
strategic positions where the incident heat flux is to be im-
posed on the test article—{frequently the stagnation point.

Heat fluxes are commonly measured by two types of in-
struments in arcjet facilities where the heat flux ranges from
about 1 W/cm? to more than 500 W/cm.? For the most accurate
work the slug calorimeter is often used because its output
does not depend on a calibration. The response of the sensor
is strictly a function of the geometry and physical properties
of the slug, provided the slug is properly isolated from the
supporting hardware. The heat flux is determined from the
temperature rise rate of the slug of material, usually copper

dr
q = mC, -~ (6)

An example of a slug type sensor is shown in Fig. 2 which is
taken from Ref. 4. This type of sensor has been used suc-
cessfully in many applications in which the surface coating
could be varied to assess catalytic properties at low temper-
atures.® Also, slug calorimeters were used to measure the heat
flux to nickel and Teflon® surfaces to assess slip and catalytic
boundary equations® for a time-dependent relaxation com-
putational fluid dynamics code.'

Another type of instrument for measuring heat flux in arcjet
facilities is the Gardon gauge shown schematically in Fig. 3.
The principle on which heat flux is determined is that the
temperature difference between the center and outer edge of
the constantan disk is proportional to the heat flux. This tem-
perature difference is sensed by a pair of differential ther-
mocouples, one at the junction between the copper wire and
the center of the disk, and the other at the junction between

Oxygen-iree
/ copper slug
Copper shroud 0.625 in diam
1.25 X 0.312 thick,
0.631 —» with 0.5-mil
0.625 nickel plate
r “] / R=0.125
Set screw \
g;:)iz\.i(:;am "1 Stainless steel
asitioning rin.
bearings ° 9119
(three,
at 120°
separation)
36-ga Ch-Al
thermocouple
Set screw

\

All dimensions in inches

Miniature electrical
connection plug

Fig. 2 Typical slug heat flux sensor.*

/ Constantan disk

/Coppel’ body

Copper leads {\
=~

Fig. 3 Schematic of Gardon gauge heat flux sensor.

the outer edge of the disk and the copper body of the instru-
ment. The output then can be calibrated with a suitable stan-
dard heat flux source, such as a blackbody. The sensitivity of
the instrument is determined by the thickness of the constan-
tan disk and its radius. These instruments are commercially
available and come in various ranges. They may be water-
cooled for continuous operation. One drawback to the Gar-
don gauge is its sensitivity to electrical noise generated by the
arc. Therefore, care must be taken to electrically isolate its
leads by shielding and to avoid ground loops. Another draw-
back to gauges that require calibration is that the calibration
source is usually a radiant source, thus the radiant absorptance
of the gauge must be known. Usually this is accomplished by
coating the gauge with carbon black for the calibration. How-
ever, when using the probe in a dissociated nonequilibrium
flow, the catalytic recombination rate of the surface must be
known or it must be fully catalytic. This means that the probe
surface must be carefully cleaned and have a coating of a
material of known catalyticy. Frequently, the gauge is as-
sumed to be fully catalytic, but that is only an approximation.
Slug calorimeters avoid the problem of having to put on an
overcoat of carbon black for calibration. These are transient
devices, however, and they cannot be used continuously or
for many insertions into the flow without allowing them to
cool down.

Pressure Measurements and Estimates of Mass Fractions

The stagnation pressure probe is an intrusive diagnostic
measurement commonly used in arcjet facilities to determine
the uniformity of the flow. It is also used in conjunction with
the heat flux probe to determine the enthalpy. The pressure
is needed to verify that the flow regime simulates the appro-
priate conditions that depend on pressure. When in a stag-
nation test mode, the stagnation pressure drives the flow through
any leak paths that may exist in the configuration. The stag-
nation pressure also can be used along with the bulk enthalpy
(determined from, e.g., the energy balance method) and the
gas flow rate to estimate the amount of dissociation.!' This
technique assumes that the flow is uniform and that the ef-
fective area of the nozzle or inviscid core is known. When a
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single gas such as nitrogen is used the dissociation is found
by a straightforward use of the conservation equations

hy = V2 + ayhy + C,T, (7)
Co o,

Pr>= "Eival + p. (8)

m, = p.V. A (9)

The stagnation point pressure is p,, the pressure coefficient
is Cp, Cp is the specific heat of the gas mixture, and A, is
the effective area of the nozzle flow. These equations can be
solved along with the equation of state and an estimate of the
Mach number to find the atom mass fraction «,. When the
gas Is air it has been assumed that either none of the nitrogen
is dissociated and a set of equations analogous to Egs. (7-9)
is solved; or a term is included in Eq. (7) in which «, = 0.234
(which is to say that all the oxygen is dissociated) and we
solve for the nitrogen atom mass fraction ay. If the enthalpy
is low, then no nitrogen dissociation is assumed, and we solve
for the oxygen mass fraction. Later it will be shown that these
assumptions may not be valid. Clearly we need a way of
determining the mass fractions directly. Such a method has
been developed and will be discussed in the next section.

Mass Fractions from Gas Sampling Mass
Spectrometer Measurements

An intrusive diagnostic technique is the use of mass spec-
trometer analysis of samples of flow drawn in from a stag-
nation point gas sampling probe. This technique may be used
to directly determine the species concentrations in shock-layer
flow. If the flow can be assumed to be frozen in the shock
layer, then the technique can be used to determine the com-
position of the freestream flow. The first use in arcjets of such
a probe, to the author’s knowledge, was made about the same
time in different facilities by Willey'*!* and by Lasgorceix.™
Willey applied the method to measure the relative concen-
trations of the constituents of air in a supersonic arcjet flow
by sampling through a water-cooled quartz-tipped probe and
a water-cooled copper probe adapted from a Pitot pressure
probe. Figure 4 is a schematic of Willey’s apparatus. He showed
that it is necessary to make the probe from noncatalytic ma-
terials such as quartz and to make the length of the tube to
the mass spectrometer as short as possible. He demonstrated
that the concentrations of atomic species in the flow vary
axially and radially, in contradiction with one-dimensional
nonequilibrium flow calculations.®' The contours of nitrogen
atom concentrations in the vicinity of a blunt body inserted
into the flow are shown in Fig. 5. Lasgorceix,™ using a mo-
lecular beam mass spectrometer probe, also showed that the
flow in their nitrogen jet was significantly out of equilibrium,
but was not frozen. Figure 6 taken from Ref. 14 appears to
show an increase in ionization fraction with distance, whereas
the fraction of N relative to N, decreases, as seen in Fig. 7.
These results contradict the assumption of frozen flow in
low-density arcjet streams and indicate the need to directly
measure these quantities when using arcjets for wall catalytic

Mass
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Fig. 4 Schematic of gas sampling probe used with mass spectrometer
for species analysis.'?
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Fig. 5 Nitrogen atom concentration contours in arcjet flow around
a blunt body."?

103 —
. - - - " - - [ ] L]
10 -
g 8 8 8 o a a a
. ° o a
s e °
n L ]
Velocity .
1074~ 0 1000 ms! * .
o 500m.s’ .,
e 100ms’
= measured
109 1 1 i 1 ]
30 40 50 60 70 80
Z {cm)

Fig. 6 Axial profile of the neutral particles ionization fraction N*,
and N in arcjet flow.'*

-1

10
0L ® B @ g
n . 3 g @«
— o
n, d
a3 A4
10 | ® .
'
.
*
-4
10 i i 1 1
30 40 50 60 70 80
Z (cm)
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recombination measurements. Likewise, it may mean that
gas-phase reaction rate models need significant refinement.

Gas Temperatures

The temperature of high enthalpy gases cannot be measured
directly with a thermometer because the measuring device
will perturb the gas. Indirect, nonintrusive means are almost
always used. As shown in Table 1, there are several temper-
atures in a nonequilibrium flow, and many techniques are
available, depending on which temperature is to be measured.
The temperatures to be discussed are the molecular rotational
and vibrational temperature, atom and molecule electronic
state excitation temperature, the electron temperature, and
the heavy particle translational temperature. Measurements
of the radiation from the flow or laser light scattered by the
flow constituents allow determination of these temperatures.
Because these techniques involve the use of spectroscopy, a
brief discussion of spectroscopic apparatus will be included
first.

Because the enthalpy is very high, arcjet flows have a ten-
dency to radiate spontaneously, especially in the shock layers.
There is a lot that can be learned from the emission. However,



14 SCOTT: FLOW PROPERTIES IN ARCJETS

the freestream flow radiates much less, and not all excited
states of species in the flow have spontaneous radiative tran-
sitions or have transitions in convenient wavelength ranges.
Also there are limitations because of either detector response
or overlapping radiation from other species or states. It would,
therefore, be prudent to excite the species to radiate from
specific states as a means of obtaining information about said
states. Thus, state-selective laser-induced transitions are use-
ful. Emission spectroscopy, and to some extent absorption
spectroscopy, will be discussed in succeeding sections. Then,
recent developments in laser-induced fluorescence applied to
arcjet flows will be addressed followed by a brief discussion
on the use of laser Thomson scattering to determine electron
density and temperature in a plasma jet.

Spectroscopic Techniques

Two areas of spectroscopic techniques will be addressed
here. The first is a brief description of apparatus and tech-
niques for measuring the spectral radiation. Some older meth-
ods are described as well as modern techniques, including
calibration sources. The other area of spectroscopic tech-
niques is the interpretation of measurements with suitable
theoretical methods. Interpretation of measurements is the
main area of emphasis in this paper because it relates to both
emission and absorption spectroscopy in addition to laser-
induced fluorescence spectroscopy. Examples of techniques
applied to arcjets will be given.

Spectroscopic Measurement Apparatus

Various emission and absorption spectral instruments have
been used in arcjet facilities. These range from simple scan-
ning monochromators to high-resolution grating spectro-
graphs and spectrometers. The low-resolution monochro-
mators have good light-gathering ability because of their short
focal length and low F-number (ratio of focal length to ap-
erture diameter). For high resolution it is necessary to sacrifice
some light-gathering capability because the focal length of the
devices must be long. In the 1960s a 3.4-m Ebert-type high-
resolution spectrograph was commonly used. !¢ Its F-number
is about 22, but it can achieve a first-order dispersion of about
0.55 nm/mm with a grating ruled with 590 lines/mm. It covers
a wide spectral range in one exposure.

The detectors used with spectrometers and monochroma-
tors are usually photomultiplier tubes that are sensitive to the
wavelengths of interest. Response time is very fast, and an
added advantage is that output can be recorded electronically
for subsequent computer manipulation. In some spectrome-
ters more than one photomultiplier can be used at a time to
measure the light from several spectral lines. This requires
using one exit slit and photomultiplier for each line.

To scan lines to determine line shape or to obtain a se-
quence of lines or the variation of continuum with wavelength,
the grating may be rotated and a single detector can measure
the spectrum as a function of wavelength, provided the source
is not changing in time. If the region of the spectrum is large
and high-resolution is required, this procedure may take a
long time. Another method of obtaining a large wavelength
range with high-resolution is to use a spectrograph with a
photographic plate as the detector. Very high-resolution can
be achieved with this technique because, with small-grain
emulsions, the resolution is limited only by the entrance slit;
whereas, the photomultiplier tube also requires an exit slit
which somewhat degrades the resolution. Moreover, the spec-
trographic plates may be exposed for very long periods of
time to achieve sufficient exposure to detect low-intensity
spectra. The following are several difficulties encountered
while using photographic detection: 1) the response is non-
linear and requires a densitometer to read the transmission
of the plates to determine intensity; 2) development of the
plate must be highly controlled, and the density of the plate
must be carefully calibrated for quantitative work; 3) inter-
preting the results is very tedious; and 4) the sensitivity of

photographic emulsions in the infrared (IR) is fairly low, re-
quiring long exposures. However, the photographic recording
of spectra is very good for yielding a comprehensive graphical
picture of the spectral characteristics of the flow spectrum
over a wide wavelength range.

Modern innovations for measuring spectra include using
linear diode array (LD A) detectors. These devices have about
1000 detector elements covering a distance of about 25 mm.
These LDAs can acquire 1000 pieces of spectral information
simultaneously. They are then read out sequentially, digi-
tized, and recorded by a multichannel optical analyzer (OMA)
for computer data handling and analysis. The advantage of
having many channels of data acquired simultaneously and
repeatedly is that should the intensity of the source vary, ail
wavelengths will be affected to the same extent, and the rel-
ative intensity of the lines is not changed. The time depen-
dence of the entire spectrum can also be obtained by gating
the LDA. One disadvantage is that their resolution capability
is somewhat limited but that can be overcome by selecting
gratings with the appropriate blaze and ruling. You are then
limited to the wavelength range that can be detected in a
single “‘exposure.”

Spectroscopic Measurement Calibrations

For quantitative work, spectrometers must be calibrated in
both wavelength and intensity sensitivity. Wavelength cali-
bration sources are usually gas discharge lamps filled with a
gas that radiates with a well-known spectrum. These lamps
may be excited with a high voltage source by way of electrodes
in contact with the gas, or they are sometimes excited with a
radio frequency (rf) electrodeless source. The electrodeless
discharge has the advantage of operation at a lower temper-
ature and pressure; therefore, their spectral lines are usually
narrower, and they are less subject to contamination. The
lamps with electrodes are simpler to use, may have higher
intensities, and come in a variety of gases to provide a wide
coverage of wavelength ranges. Another rather cumbersome
source used for very fine wavelength definition is the iron
arc. The iron arc spectrum contains thousands of closely spaced
lines that have been well catalogued.'’

Common sources for intensity calibration are the standard
tungsten ribbon filament lamps. ' These can be obtained with
calibrations traceable to the National Bureau of Standards.
These lamps are useful from the near uv to the near IR. For
the vacuum ultraviolet, a pressure arc discharge or a carbon
arc might be used.!*?" For calibrating in the IR, globar sources
and blackbody cavities®! are frequently employed.

Determining Temperatures and Excited State Populations from
Spectral Analyses

To determine informaticn about the arcjet flow from the
emitted or absorbed spectra, a theory is used that relates the
measurements to some property of interest. Spectroscopic
techniques actually measure the rate at which the gas emits
light; i.e., the intensity. The intensity of an optically thin gas
depends on two basic quantities: 1) the number of species per
unit volume in the particular upper excited state; and 2) the
probability that the species will make a transition to a lower
state. The transition probability A, is primarily a property of
the emitting species and is determined from quantum me-
chanical calculations or is measured. However, A, may de-
pend slightly on the environment in which the species exists;
that is, collisions and electric and magnetic fields may perturb
the electronic energy states slightly and cause small deviations
in the energy levels of the states and their associated transition
probabilities. These are smail effects, and except when there
1s an interest in line broadening, they usually can be neglected.
Suffice it to say that transition probabilities (or oscillator
strengths) are properties of the radiating species.

The radiation also depends on the number of species in a
particular state and the transition probability. The radiation
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emitted from a species in state " to state *J is
E, = nA hv, (10)

where E, power radiated per unit volume. Equation (10) holds
in general—equilibrium or nonequilibrium. When local ther-
modynamic equilibrium exists, the relative number of species
in a particular excited state is given by the Boltzmann relation

n —EN 1
— = — — 11
ny exp < kT) 0. (b

where #, is the number density of species in the ground state,
n, is the number density of species in the state i, and E, is the
energy of the state / relative to the ground state. Combining
Eqgs. (10) and (11), the emitted power corresponding to a
transition in an equilibrium gas is then

—E\ 1
E‘I = nUA”hV,/ €exXp <F) a (12)

From the relative intensities of atomic lines, continuum, or
within molecular bands, it is possible to determine the exci-
tation temperatures. From absolute intensities, it is possible
to obtain densities of the excited states and, in equilibrium,
the total density of the species. These techniques will be dis-
cussed in the following paragraphs.

Atomic Line Diagnostics

The temperature or population of states can be obtained
from intensities of atomic lines. Equation (12) can be written
in terms of the oscillator strength f, which is proportional to
the transition probability A,. I is given by

2ahe’r,

0 — Eu
8l e <W) (13)

Equations (12) and (13) reveal that when the states are in
equilibrium, a plot of the logarithm of the measured E, or I
vs E./k will yield the excitation temperature from the slope
of the plot 1/7T. If the population of states deviates from equi-
librium then the points will not fall on a straight line.

1

Argon Lines

Shipley'® has used this intensity-slope method to determine
temperatures in the shock layer of a blunt body in an argon
plasma jet flow. A Boltzmann plot of his measurements is
shown in Fig. 8. Bowen?* used the Balmer series of hydrogen
to obtain a temperature distribution in a high-pressure un-
derexpanded jet. Adock® measured the temperature on the
centerline of the freestream of an argon plasma jet. He also
used a simplification often made when equilibrium is assured.
Only two lines (states) are measured, and the temperature is
found from the ratio of intensities of the two lines.
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Fig. 8 Boltzmann plot of argon spectral lines. Both Ar I and Ar 11
lines are presented.'¢

Copper Lines

The line ratio technique has also been used for determining
the excitation temperature in atmospheric arcjets using cop-
per lines.** Copper from electrode erosion is a contaminant
often found in arcjet flows. Recently, copper contamination
has been exploited by a laser-induced fluorescence (LIF) Dop-
pler technique; this is discussed in a subsequent section.

Nitrogen Lines

In air and nitrogen jets, nitrogen lines are sometimes used
to determine the excitation temperature. Park*® measured the
electronic excitation temperature in a supersonic nozzle ex-
pansion that started from a stagnating inlet flow in a nitrogen-
hydrogen mixture. The source of the flow was an arc heater.
Park’s nozzle was inserted in the arcjet flow. The measured
temperature increased as the flow approached the converging
part of the nozzle, then decreased as the flow expanded super-
sonically. The result was good agreement with flow theory
calculations.

Helium Lines

Scott'® determined the temperature profile of a helium arcjet
flow using the line intensity technique. His results, using ab-
sorption oscillator strengths from Green et al..** and energy
levels of Martin,” are shown in Fig. 9. From these measure-
ments, it was shown that the electrons were in equilibrium
with the electronic states of helium.

Rotational and Vibrational Temperatures of Molecules

The rotational temperature and the vibrational temperature
of molecules can be determined from the rotational and vi-
brational spectra of radiating molecules, either from emission
or from scattered laser radiation. Usually emission is from
excited electronic states of the molecule. Radiation from the
electronic transitions is measured, and that radiation includes
the information about the population of rotational and vi-
brational modes of energy. Therefore, a measure of the as-
sociated temperatures can be obtained.

Because of the complex configuration of electrons in mol-
ecules and the additional modes of energy, viz.. the rotational
and vibrational modes, molecular radiation is much more
complex than atomic radiation. See Fig. 10 for an example
of the visible radiation spectrum of a simple diatomic mole-
cule—nitrogen. As can be seen, there are many complex band
features that make up the spectrum. The rotational structure
of these bands can be seen in highly resolved spectra and from
the pattern of intensities the rotational temperature can be
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Fig. 9 Electron temperature distribution in helium arcjet flow, de-
termined from Boltzmann plots. Error bars denote standard devia-
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obtained. Details of the theory of the spectra will not be
covered except to point out that the intensities are determined
from Eq. (12). The complexity arises from the form of the
transition probability A, and the form of the energy E,. The
states [ and j depend on many quantum numbers™; e.g., the
clectron spin, the orbital angular momentum, total angular
momentum of the electrons, component of angular momen-
tum along the internuclear axis, the rotational quantum num-
ber, and the vibrational quantum number. To use the radia-
tion from even the simple molecule such as Ny . features of
a complex spectrum must be isolated and studied to address
one mode of energy. while keeping the others fixed. That is,
if the intensity variation of the spectrum is addressed as a
function of the rotational quantum number, the rotational
temperature can be obtained. As before, a temperature is
defined only if the energy levels are connected by a Boltzmann
factor distribution. For rotation, which requires only S-10
collisions to come to equilibrium. equilibrium usually exists
in conditions of arcjet flows. On the other hand, vibration
relaxes more slowly, requiring many more collisions. There-
fore, vibrational states may be out of equilibrium, especially
in the expanding low-density flow of arcjets and near shock
waves, although the situation may be somewhat nearer vi-
brational equilibrium in the shock layer of a blunt body.

Molecules of interest in arcjets used for re-entry simulation
are N, Ny, O,, NO, and sometimes OH. Some examples of
the use of molecular emission used as a diagnostic in arcjets
are given in the following paragraphs.

N (First Negative) System

The B* X, — X* X7 transition of the N; molecule. is re-
ferred as the Ny (first negative) system. One of the earliest
examples of the rotational temperature determination in an
arcjet flow is that of Shipley'® who obtained the average ro-
tational temperature in the jet freestream from the N, (first
negative) bands, (0. 0) and (0, 1). His Boltzmann plot is given
in Fig. 11 for the R and P branches of the (0, 0) band. Shipley
was not able to use the technique in the shock layer of a blunt
body because of other overlapping features of the spectrum
and lack of spectral resolution.

Park=" obtained the vibrational temperature in the stag-
nation region of the expansion nozzle by comparing the mea-
sured N (first negative) spectrum with a calculated spectrum
of Whiting et al.”

Recently the Ny (first negative) spectrum was used to de-
termine the vibrational and rotational temperature in the shock
layer of a blunt body in a nitrogen arcjet flow at the Johnson
Space Center. Blackwell et al.*" fit the (0. 1) and (1, 2) bands
to a computed spectrum? - to obtain the rotational and vi-
brational temperature distribution. Examples of the spectra
are shown in Fig. 12. Note that the computed spectrum has
been fit very well to the measured spectrum as is evidenced
by the fact that the curves overlap considerably. The resulting
temperature profile is shown in Fig. 13. It can be seen that
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Fig. 13 Measured vibrational and rotational temperatures deter-
mined by spectral fitting compared with viscous shock layer single
temperature calculation.*

the two temperatures are not equal, implying that there has
not been enough time for the temperatures to relax to a com-
mon equilibrium temperature. The temperature computed by
a viscous shock layer code,** shown in Fig. 13, was based on
a single temperature gas model and cannot discriminate ther-
mal nonequilibrium effects. The method of comparing the
measured and computed spectra is required here, because the
resolution of the spectrometer is not sufficient to resolve the
rotational structure in which the R and P branches overlap.

The existence of a Boltzmann distribution of vibrational
states was also checked by Blackwell et al.* The fits made
by varying the relative population of the upper vibrational
state indicated that the vibrational states of the Ny (first
negative) system deviate from equilibrium and that a vibra-
tional temperature cannot be defined at all locations in the
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shock layer. However, there was some evidence that over-
lapping bands may have caused some of this deviation.

N, (First Positive) System

A more difficult system to analyze than N5 is the N, (first
positive) system. Its transitions are between the B* 11, and
A Zu* states for which there are many overlapping vibra-
tional and rotational bands. Figure 10 shows the system where
the broad peaks approximately correspond to regions of con-
stant Av = v" — v’. Without an extremely high resolution
spectrum, the only way to extract temperature information
from this spectrum is to fit a computed spectrum to the mea-
sured spectrum. Blackwell et al.** compared the computed
ratios of integrals of intensities in spectral regions with mea-
sured ratios to obtain vibrational and rotational temperatures.
This procedure was applied to radiation from the shock layer
of a blunt body in an arcjet airflow. More recently, Blackwel]
et al.* compared the vibrational and rotational temperatures
of N, and N7 .

OH Spectrum

Water vapor from steam ecjector vacuum systems or de-
sorbed from surfaces sometimes contaminate the flow in arcjets.
Also, OH may be produced in boundary layers around ablat-
ing test articles. Fishburne and Petrie® measured the rota-
tional temperature distribution across an arcjet nozzle flow
using OH as a diagnostic. They presumed that the OH is
present as a trace species in the argon gas supply or is from
minute leaks in the test chamber. To determine the rotational
temperature, Fishburne and Petrie developed Boltzmann plots
of the Q, branch of the transition 25-2P (0, 0). Their tem-
perature distributions are shown in Fig. 14. These results
indicate that the flow is fairly uniform, but peaked slightly in
the center of the jet.

Absorption Techniques

Many species of interest in arcjet flows do not radiate. For
example, ground state atoms and molecules cannot radiate,
and the transition probabilities of atoms and molecules in
metastable states are very low. Therefore, these species do
not emit appreciably. To determine the population of these
ground and metastable states, one can do absorption mea-
sures. The transition probability for a transition from a lower
state to an upper state is uniquely related to the transition
from the upper to the lower state. Therefore, by illuminating
the flow with radiation from a suitable source and measuring
its attenuation through the gas. a measure of the population
of the lower state can be obtained. Such an experiment was
carried out by Valentin et al.*7 in an argon arcjet flow. They
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Fig. 14 OH rotational temperature distribution across core of exhaust
jet.’s

measured the metastable population distribution in the ther-
mal boundary layer of a metallic flat plate, the surface of
which was aligned parallel to the flow. The metastable density
distribution is shown in Fig. 15. They also measured the pop-
ulation of electrons and the electron temperature distributions
from the emission line intensities. They found that the pop-
ulation of the metastable and the other excited states was
much larger than expected from equilibrium considerations.
The excitation temperature profile in the boundary layer seen
in Fig. 16 showed an unexpected increase near the wall when
the boundary-layer edge temperature was low. Valentin et
al."7 postulated that the increase was due to ions colliding with
the wall, causing Auger electrons to be ejected from the sur-
face with an energy of a few electron volts which heated the
boundary layer.

Laser-Based Technigues

Much information about the flow is available from emission
spectra. However. the measurements are sums of the radia-
tion along the line-of-sight of the spectrometer. If the flow is
not uniform, the measurement results in an average over the
line-of-sight: this is not a local quantity. To obtain local in-
formation from line-of-sight measurements of axisymmetric
flows, the Abel inversion technique may be used. However,
this technique is cumbersome and introduces scme error into
the results. Also, in many cases the flow does not have axial
symmetry. Laser-based techniques can overcome the problem
of line-of-sight averages. because the laser illumination can
be focused along one line while the observation or mea-
surement is made along a line orthogonal to the laser. Thus,
the volume of gas formed by the intersection of the laser beam
and the field-of-view is very small.

There are several types of laser-based techniques that have
been used to measure properties in gases. These include Ray-
leigh scattering, coherent antistokes Raman scattering (CARS
and BOXCARS), Mie scattering, stimulated Raman scatter-
ing, laser-induced fluorescence (LIF), and Thomson scatter-
ing. Of these techniques. only the last three have as yet been
applied to arcjet flows. The LIF and Thomson scattering are
discussed in the following paragraphs.
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Fig. 15 Argon metastable density profiles in the boundary layer of
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Laser-Induced Fluorescence

When molecules or atoms are illuminated with radiation
having frequency that corresponds to a transition between
states, the species may absorb the radiation and subsequently
emit the energy to allowed lower states. Examples of such
transitions are shown in Fig. 17.

The rate at which the upper state is formed depends on the
density of molecules in the lower state n,, the absorption
transition probability A,,. and the intensity of the laser /,,
and the energy per photon hv,,:

% nl A,
a " h, (14)

As in the case of spontancous emission, the amount of
radiation that is emitted from the excited molecule is pro-
portional to the emission transition probability A, from upper
state u to each lower state /. The loss of upper state molecules
due to radiation and collisions is given by

dn,
o 2 Ay (15)

where 7, is the number density of molecules in the upper state
and v, is the collision frequency for de-excitation. Equations
(14) and (15) can be solved to determine various properties
of the flow, depending upon what is known. If the only source
of excitation is the laser radiation and the radiative lifetime
of the excited state is short compared with the collisional
lifetime (or A, >> »,), then the measured intensity of the
emitted radiation will yield the density of the lower state. In
the case of molecules, the laser wavelength can be tuned so
that the density of the lower states is determined. Thus, as
in the case of absorption, the excitation temperature of the
molecules’ lower states now can be obtained without the com-
plication of overlapping bands and with the advantage that
the measurement is local. '

A variety of wavelength ranges is possible using various
types of lasers, dyes, and doubling/mixing crystals. Therefore,
LIF access is available for diagnosing many molecules and
transitions.

Arepalli** demonstrated the ability to obtain LIF signals
from NO and O, in the freestream and shock layer of an
arcjet at NASA Johnson Space Center. He produced a tun-
able (approximately 226 nm) uv laser signal using the 355-nm
wavelength line of the pulsed YAG laser to pump a tunable
dye laser which had an output of about 430-470 nm. The
wavelength of the output beam was halved to about 225 nm,
using a crystal doubler. The output power in this range was
about 1.2 mJ, and the bandwidth was 0.01 nm. The LIF signal
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Fig. 17 Energy level diagrams for O, NO, and O,.**

from the flow zone was measured with a photon-counting
photomultiplier gated to reduce background radiation from
the flow. Filters in front of the photomultiplier restricted the
spectrum to pass only light from specific species. The optical
arrangement is shown in Fig. 18. Preliminary results indicate
that at low enthalpy NO and O, are readily detectable. The
corresponding energy levels and the transitions studied are
shown in Fig. 17. By tuning the output of the laser, the various
NO ground electronic state vibrational levels X? I1,, 5, could
be excited to the upper states A2 2*. The fluorescent signals
from the upper states were then measured with a wide band
photomultiplier. Sample NO spectra are shown in Fig. 19
obtained in the freestream with filters in place to detect the
NO A2 2+—X> 11, y». It can be seen from the three scans
that as the enthalpy increases, the NO LIF signal decreases.
This is consistent with the decrease in NO at higher temper-
atures.

Arepalli** also obtained LIF signals for the O, Schumann-
Runge transitions B* X7 — X3 X (v', v") = (0, 3), (2, 4).
and (4, 5). Induced fluorescent transitions back to the X state
were measured with a 225-540-nm filter. Arepalli expects to
obtain vibrational and rotational temperatures and densities
of the ground state in the near future from LIF spectra.

Laser Raman Scattering

Laser Raman scattering involves an inelastic scattering of
light from species that results in a molecularly specific fre-
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quency shift of the scattered light relative to the frequency of
the incident beam. The frequency spectrum depends on the
energy states of the scattering species: therefore, the spectrum
of the scattered light is determined by the population of states
in the scattering molecule. It can probe the spectrum of states
inaccessible by emission spectroscopy. resulting in a detect-
able scattered signal that has the spectral signature of, e.g..
the ground electronic state molecule. Boiarski and Daum®
have studied the feasibility of using laser Raman scattering
for measuring number densities and vibrational temperature
of nitrogen, oxygen, and nitric oxide. Their exploratory ex-
periments in the Air Force Flight Dynamics Laboratory 50-
Megawatt Reentry Nose Tip (RENT) facility have shown the
feasibility of the technique for arc tunnel flow diagnostics.

Translational Temperature of the Gas

The translational temperature of the gas can be measured
directly with a Doppler technique by LIF of gas atoms or
molecules in the flow. Very high resolution spectra from nar-
row laser lines are obtained by scanning a tunable laser over
an isolated line of some species in the flow. This technique
was first used in an arcjet by Arepalli et al.,** who scanned
a copper line to obtain the velocity from the shift of the line
and the temperature from the Doppler profile. The Doppler
shift of light relative to the moving atom is given by the
familiar relation

Av _ (16)

22— e
V()

where v is the relative velocity of the particle with respect to

the laser propagation vector. A moving atom whose resonant

frequency is », will absorb a photon if the photon frequency

is shifted by the Doppler frequency

v=uy, + Ap
v =, + (Vi) y

Because atoms have a random thermal velocity distribution,
they will absorb laser energy provided the laser is tuned to
coincide with the resonant Doppler frequency. The atoms
subsequently fluoresce to some lower level at the character-
istic frequency of the transition (which is detected by a pho-
tomultiplier). The number of photons emitted is proportional
to the number of atoms whose velocity component in the laser
propagation direction corresponds to the Doppler shifted fre-
quency. Therefore, by scanning the laser’s frequency, a profile
of scattered light that corresponds to the velocity distribution
can be obtained. For a Maxwell-Boltzmann velocity distri-
bution, the line relative intensity profile is Gaussian and is

given by
I(v) - mc? ,
1) = exp [ZkTVﬁ (v v,) ] (17)

For temperature measurements the laser may be beamed
normal to the flow direction, and the scattered light may be
observed from any convenient direction, assuming the veloc-
ity distribution is isotropic.

The Arepalli et al.* scan of copper resulted in broadened
peaks associated with the laser’s inability to resolve the fine
structure of the line. By suitable fitting (such as a least squares
fit of the measured profile to the theoretical line structure),
the temperature and the splitting frequencies can be obtained.
The optical arrangement is shown in Fig. 20 where it can be
seen that the laser crosses the flow diagonally (in this case 30
deg) to obtain a component of the propagation vector in the
flow direction. The fluorescent emission is observed normal
to the jet flow direction. A sample copper line profile is given
in Fig. 21 that corresponds to a temperature of 1000 K. The
Doppler profile technique depends on other broadening

Fig. 20 LIF Doppler velocity and temperature measurements.
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Fig. 21 LIF Doppler profile of copper transition.

mechanisms, such as Stark broadening, being negligible, which
is frequently the case for most atoms other than hydrogen
and belium in low-pressure arcjet flows. Likewise, the laser
power must not be too high in order to avoid power broad-
ening.

A discussion of determining the mean flow velocity will be
presented in a subsequent section.

Electron Beam Fluorescence

The electron beam fluorescence technique can be used to
determine the density of species in the ground state. It can
also be used to determine the distribution of vibrational and
rotational excited states, and thus the corresponding temper-
ature. The technique is similar to LIF, but requires measuring
the spectrum of the fluorescent emission rather than just the
total emitted light which depends on a scanning of the incident
laser in LIF. At moderate and low pressures an electron beam
of several tens of kilovolts is passed through the flow, exciting
the molecules and atoms. The radiation from the fluorescent
emitting species is collected by a spectrometer and dispersed
to obtain its spectrum. From analysis of the spectrum as de-
scribed in the emission section, one can determine the species
concentrations and the vibrational and rotational tempera-
tures of molecules. The density of the flow must be low enough
so that collisional quenching does not affect the density re-
sults. Application of the electron beam technique to arcjet
flow diagnostics was developed by Petrie.*' Sebacher.** Petrie
and Lazdinis,** Lazdinis and Carpenter,* and Petrie.*

Some of the difficulties in using this technique to determine
the species density are the problems of quenching, beam at-
tenuation and scattering, accuracy of the excitation efficien-
cies, and geometry of the collection optics. A good calibration
source is needed.

A measure of the flow velocity can be obtained by mea-
suring the time of flight of electron perturbations produced
by a modulated electron beam. The electron density pertur-
bations are detected by electrostatic probes downstream of
the beam. Cason* measured the velocity in an arcjet facility
by this technique (adapted from a technique used in a helium
afterglow by Trochan?”). The measurements agreed with flow
calculations within about 10%.
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Electron Temperature and Electron Density

The electrons are usually not in equilibrium with the heavy
particles in a low-density arcjet flow. Therefore, it is necessary
to determine their temperature separately. Three techniques
will be discussed in the sections that follow. Which technique
that can be used usually depends on the electron density. Two
of these are nonintrusive techniques for the measurement of
electron temperature and electron density. The third is an
intrusive technique. At moderate electron densities between
about 10™-10" cm -, an emission continuum intensity method
can be used. At very high densities, say above about 10"
cm | laser Thomson scattering can yield the Doppler profile
and. from that, the electron temperature. At low-electron
density. an intrusive technique, clectrostatic (Langmuir) probes,
must be used. Microwave transmission techniques have been
attempted, but that technique has poor spatial resolution and
will not be discussed here.

Continuum Emission

The continuum radiation arises from transitions from free
electrons to either bound states or to free states; this is called
Bremstrahlung radiation. The intensity distribution of the
continuum radiation depends on the electron temperature.
The level of radiation depends on the electron density. Scott!®
determined the electron density in a helium arcjet using the
relation*® for the continuum emission coefficient

— __Ig ﬁ gn[(A) Ex - E,ﬂ
eT) = A? l:n, 2 n P kT
8:(A) Ey gf(A, TKT AE
M by R R Ve

32
X nn; exp <— E—A%é—b;z> (%) (18)

where K is a combination of physical constants (see Ref. 49),
n is the principle quantum number, Ej, is the ionization po-
tential of hydrogen, n/n, is the ratio of ion ground state pop-
ulation to total ion population (set equal to 1), E, is the
ionization energy, E,, is the excitation energy of the level,
AFE is the advance of the series limit, AE., is the reduction in
ionization energy, and the g are appropriate Gaunt factors.
Because the flow is assumed to be electrically neutral (n, =
n;), we can calculate the density from Eq. (18) and the mea-
sured continuum intensity

n, = \/Z(A—) (19)
e(A)
where I(A) is the measured power radiated per unit volume
per steradian per unit wavelength at a point in the flow.
Scott' determined the electron density distribution from
Abel inverted helium continuum measurements using Eqs.

(11) and (19) and the clectron temperature shown in Fig. 9.
The density profile is shown in Fig. 22.

Doppler Laser Thomson Scattering

Free electrons have a fairly large photon scattering cross
section. Based on the scattering cross section, the electron
density can be determined by measuring the absolute scat-
tered intensity. The electron temperature can be obtained
from the profile of the scattered line. The (Doppler) intensity
distribution of laser light scattered from a Maxwellian distri-
bution of electrons is given by the relation™

I(v) = nl,rl,lll,/}sm 6 exp [(u 5—,/ V()> . zjl (20)
8}
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Fig. 22 Electron density distribution in helium arcjet flow. Error
bars denote standard deviation.'s

where [, is the laser intensity, y, is the wave number of the
laser, v is the wave number of the scattered light, and v is
the half-width at half-maximum of the measured line profile.
Note that the scattered intensity varies inversely as the cube
of the wave number, which means that the scattering is more
efficient at long laser wavelength.

The temperature of the electrons can be determined from
the Doppler width of the scattered laser line provided the
electron velocity distribution is Maxwellian. In a continuum
flow, a Maxwellian distribution is almost assured. The tem-
perature of the electrons is given by the expression

_mct [ ovly :
=% (2\/ 7 2) @D

where m, is the mass of the electron, év is the full width at
half maximum, and v, is the central wave number of the laser
line.

The only known experiment in which Thomson scattering
is used in arcjet flow diagnostics is that of Michels et al.*! in
which they measured temporal and radial profiles of electron
density and temperature in a pulsed MPD arc thruster. Their
apparatus is shown in Fig. 23. They found that the average
density (in the range of about 10'* cm~~) is rather constant
over 100 ps but fluctuated significantly. Likewise, the average
electron temperature which was in the range of about 4 eV
was also fairly constant. The radial profiles were relatively
flat at 4 cm from the nozzle exit.

Thomson scattering—most useful at high n,—requires that
the background scattered light be eliminated with the use of
beam dumps and baffling. The Rayleigh scattered line, which
is due to scattering from atoms and molecules and appears at
the center wavelength of the Thomson scattered line, must
also be filtered out by efficient and very narrow bandpass
filters so no significant background light will be allowed into
the detection spectrometer.

Electrostatic (Langmuir) Probes

Electrostatic probes are conductors in contact with the flow
to which a positive or negative bias voltage is applied. The
current collected, due to flux of electrons or ions, is measured
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as a function of the applied voitage. If the probe circuit is left
open it will acquire a potential (called the floating potential)
that results in a net zero current. The flux of ions and the
flux of electrons balance each other and the net flux is zero.
To acquire this floating potential, the probe will have a net
negative charge on it such that the electrons, which are much
more mobile than the ions, will be repelled and the ions will
be attracted in a way that will make the net fluxes equal. As
the probe bias is made more negative it will collect more ions
than electrons. At large negative bias the probe will reach
what is called ion saturation; i.e., no more ions can reach the
probe because they cannot diffuse fast enough into the “sheath”
surrounding the probe. The sheath is a region in which there
may be charge separation and the plasma is no longer neutral.
The sheath thickness depends on the applied potential and
arcjet conditions. Where the electron density is relatively high
(>10'° cm~?), the sheath is often very thin with respect to
other dimensions in the flow, including the mean free path.
In the thin sheath case, we say that the sheath is collisionless,
making the analysis much simpler. As the probe bias is made
more positive the probe will collect more electrons and, at
sufficiently high potential, will reach its electron saturation
current. In analogy with the ions, the electron current satu-
rates when the diffusion of electrons into the sheath no longer
can keep up with their collection by the probe. Since the
electrons are so light, and therefore, have a much higher
thermal velocity compared with the ions, the electron satu-
ration current is orders of magnitude larger than the ion sat-
uration current.

In the transition zone between ion saturation and electron
saturation, the net current depends strongly on the bias volt-
age and on the electron temperature. The slope of the log-
arithm of the current as a function of bias voltage is propor-
tional to the inverse of the temperature, that is

1 eV
lOgJ, - 7? (22)

e

log(J, +J_) =

where J, _ are the ion and electron current densities, 7, is
the electron temperature, and V is the bias voltage. We see
that the temperature can be determined from the slope. The
reason the slope of this equation decreases with increasing
electron temperature is that more of the electrons have ve-
locity (energy) great enough to overcome the negative bias
of the probe, and therefore, the probe is able to collect more
electrons (J ) at large negative bias.

The electron and ion saturation current densities in a sta-
tionary plasma are respectively

8kT,

Jo= 2 : (23)
4 wm,
2kT,

J, = 0.4ne = (24)
mm

T:is assumed equal to T, here.

Electrostatic probes also measure the electron and ion con-
centrations as well as the electron temperature, and they may
be used to determine the flow velocity. Electrostatic or Lang-
muir probes are not used frequently in arcjet diagnostics. This
is probably due to the degree of difficulty in building probes
that will not disturb the flow and that will survive the high
heating and oxidizing environment. Also, the theory of the
probes often requires information about the flow; (e.g., the
density, velocity, etc.) that may not be known or must be
determined by other means. However, this technique may
reveal much information about the spatial distribution of ions
in the flow and the electron temperature that can be used
with spectroscopic information to assess the rate of formation
of species excited by electrons. If the flow is static or the flow
velocity is much less than the random thermal velocity of the
ions and electrons, then static probe theory can be used to
analyze the current to the probe.

Water-cooled conical probes and uncooled cylindrical probes
found use at the Langley Research Center.”” (See Fig. 24,
where a conical probe design is shown.) Electrostatic probes
have been used in arc-generated argon plasma jets™*** and
also in air®* and nitrogen.>>->-%¢

Line (Stark) Broadening

When atoms or molecules undergo collisions with neigh-
boring ions and electrons, their energy levels are perturbed
by the electric fields of their neighbors. This results in the
wavelength of the radiation from the excited species being
shifted by the amount of the perturbation energy. Because
the interactions are at various distances or strengths, the col-
lection of species radiates at wavelengths that may cover a
fairly wide range relative to their natural line width. The result
is a broadened line, the width of which depends on the density
of perturbing neighbors and somewhat on the temperature of
the plasma. This Stark broadening phenomenon can be used
as a diagnostic to determine the electron and ion density in
the flow. Griem® presents tables of line-broadening data for
a large number of species.

H and He Line Broadening

Because line widths of hydrogen and the diffuse series of
helium are very broad, these species can be used for mea-
suring fairly low-electron densities. Line broadening of hy-
drogen Balmer lines, H, and Hg in arcjets was used to de-
termine the electron (ion) density in Park’s® experiments.
Using line width data from Griem,* Park got good agreement
with his flow theory®” in the throat sections of the nozzle and
reasonable agreement in the expansion section. His results
are shown in Fig. 25.

Electrical Lead
Cooled by Deionized H,0O

Fig. 24 Conical water-cooled electrostatic probe for arc service.®
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Scott'* developed a quasistatic theory of line broadening of
helium triplet diffuse lines (2°P-n*D transitions) and com-
pared these results with measurements in a pure helium arcjet
expansion flow. The electron density used in the calculations
was determined for continuum measurements discussed in a
previous section.

N and Ar Line Broadening

At higher electron densities, nitrogen and argon line broad-
ening may be useful. In general, however, fairly high reso-
lution instrumentation must be used to obtain electron den-
sities using line broadening in low-density arcjets. Nitrogen
and argon must normally be used with atmospheric pressure
plasmas and not with low-density arcjets.

Flow Velocity

The velocity of the flow has been a very difficult property
to measure in arcjets because of the high resolution required
from spectroscopic means and difficulties with electrostatic
probes. However, emission spectral techniques, laser induced
fluorescence, and electrostatic probes have been used to mea-
sure velocities in arcjets and are discussed in the next three
subsections.

Emission Doppler Shift Technique

Emission techniques usually suffer from lack of spatial res-
olution but have been used in MPD arcjet diagnostics for
many years. For example, Beth and Kling®® used a spectro-
scopic emission technique by using a Fabry-Perot interferom-
eter to measure the Doppler shift of argon ion lines. By suit-
able Abel transformation they were able to obtain velocity
profiles of the longitudinal velocity as well as the rotational
velocity component. These methods have been developed and
used along with the LIF Doppler technique which is also used
to determine the kinetic temperature discussed previously. In
addition, Doppler shift of the Thomson scattered laser light
can be used to determine the velocity.

Laser-Induced Fluorescence Doppler Velocity Measurements

At high pressures, laser Doppler anemometry has been a
popular technique for determining velocities in wind-tunnel
flowfields. However, this particle scattering technique has
several drawbacks for arcjet application. In particular, at high
temperatures the seed particles may ablate and subsequently
change size, and the velocity in arcjets is much higher than
conventional wind tunnels, requiring very high frequency re-
sponse detection systems. The LIF has been used successfully
in wind tunnels and shock tubes to determine velocity, and
recently the technique described for determining the Doppler

5000 [
[o]
- ]
4000 ©° .
3000 |- oo 8% .
V, s a a AA
2000 | AL A o
A
1000 |- A
L1111

L1 !
0 2 4 6 8 10 12 14 16 18
h, MJ/kg

Fig. 26 Measured and calculated arcjet centerline velocity.

temperature in arcjets has been used for determining veloc-
ities.*®

As mentioned in a previous section, the relative Doppler
shift of radiation equals the velocity component in the prop-
agation direction divided by the velocity of light. By beaming
a laser through a flow so that its propagation direction has a
significant component in the flow direction, the velocity can
be calculated from the relation

A
Y cos ¢ = = (25)
¢ v

Arepalli et al.** measured the centerline velocity at a point
downstream of the nozzle exit at several flow conditions. Their
results are shown in Fig. 26, where calculated velocities are
compared with the measurements. It can be seen that the
measurements are about 25-50% lower than the calculations,
indicating that assumptions used in the calculations are prob-
ably in error and that detailed diagnostic measurements and
calculations need to be made.

Electrostatic Probe Velocity Measurements

Velocities have also been measured in low-density argon
and nitrogen arcjet flows by Poissant and Dudeck.™ They
used flat-tipped probes having the exposed electrode flush
with the ends of the probes. Two probes were inserted into
the flow: 1) one oriented parallel to the flow direction; and
2) the other perpendicular to the flow direction. The ratio of
the currents drawn by the probes was a measure of the flow
velocity since the current collected by a negatively biased
probe—the surface of which is normal to the flow—is given
by

IA == nluA (26)

where A is the probe area. This relation applies if the flow
velocity is large compared with the thermal velocity and for
free molecule flow. The current to the other probe I is given
by Egs. (23) and (24), depending on its bias.

Other relations in a fairly extensive literature are available
for probe currents in continuum flows, but they are more
complicated. Such is the case in seeded combustion flows
where electrostatic probe techniques have been used more
extensively than in arcjets.

Conclusions

Determining the flow properties in arcjets still remains a
difficult task. However, there are many diagnostic techniques
available, and they have to be used in a complementary way
to determine as much information as required. Even though
the intrusive techniques disturb the flow, they have proved
useful in giving much needed information about the flow.
Determining the total enthalpy still remains a significant chal-
lenge. Accurate heat flux measurements require knowledge
of atom recombination and chemical energy accommodation
coefficients as well as enthalpy. With attention given to elim-
inating small errors and taking all pertinent physics into ac-
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count, good estimates of the total enthalpy distribution in the
flow can be made. The recently used modern technique of
mass spectrometry appears to hold a lot of promise in re-
vealing information about the species and chemical nonequi-
librium in the flow.

The recent application of laser techniques for velocity and
temperature determination promises to provide much needed
direct validation of computer codes used to simulate the flow.
These measurements will also be invaluable in determining
the enthalpy of the flow and in determining atom fractions.

State specific methods, such as the spectroscopic and laser
techniques, will find great utility in understanding the chem-
istry and nonequilibrium reaction rates and excitation rates
in the flow. These rates and species concentrations are nec-
essary for catalysis measurements and for determining the
effects of atom recombination on surfaces.

The little used method of laser Thomson scattering has been
included for completeness. This technique may find more use
at very high enthalpy, e.g., in flows required to simulate very
high-speed re-entries such as those associated with lunar or
Mars missions.

This review article has not addressed the accuracy of the
measurements nor the merit of one technique over another.
It is premature to make such evaluations because many of
these techniques are just now being used, and there have been
few standards established by which to judge them. As these
techniques are applied to a specific facility and a set of con-
ditions consistent with each other and with high-fidelity cal-
culations, they should yield better information upon which to
assess accuracy of the techniques.
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