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Measurements of Temperature and Seed Atom Density in
High-Speed MHD Flows
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Emission absorption measurements of temperature, potassium seed atom density, and electron conductivity
have been demonstrated in the high-speed, turbulent coal-fired flow of a simulated MHD channel. A two-beam
optical system provides coincident exposures of transmitted lamp and emission-only signals with a time resolution
of one-half ms. Multiwavelength detection allows for optimization of the measurement wavelengths for a two-
wavelength analysis that eliminates error due to ash/slag particle extinction and emission. Previous measurements
with single beam, 1 ms temporally separated measurements showed large standard deviations due to fluctuations
in flow parameters between the two noncoincident exposures. Comparison of the two types of measurements
for nominally the same flow conditions reveals the considerable improvement in measurement uncertainty with

the two-beam optical system.

Nomenclature

Planck blackbody function

= Planck second blackbody constant

particle extinction-to-absorption ratio

ionization energy

electron charge

statistical weight factor

Planck constant

light intensity

in-scatter light intensity at wavelength A

Boltzmann constant

total optical path length across the flow

= mass, subscripts for electron e, foreign atom f, and
potassium atom K

number density with subscripts for seed atom K,
seed ion i, electron e, and standard temperature and
pressure s

pressure, subscript for standard s

temperature with subscripts for core flow ¢, standard
s, wall w, and path position x

optical path position

particle temperature to gas temperature Planck ratio
atomic resonance line absorption coefficient

particle absorption coefficient

wavelength or subscript denoting wavelength

= electron mobility

electron conductivity

potassium absorption coefficient per atom

optical depth

gas-to-lamp Planck blackbody intensity ratio

particle cloud albedo
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Introduction

CCURATE measurements of temperature, seed atom

density, and electrical conductivity are crucial for eval-
uating and monitoring MHD combustion flows. A multi-
wavelength potassium emission absorption system (PEAS)
has been successfully employed for such measurements for
numerous field tests in the subsonic diffuser test sections of
two coal-fired MHD facilities, the Coal-Fired Flow Facility
(CFFF) at the University of Tennessee Space Institute, and
the Component Development and Integration Facility (CDIF)
in Butte, Montana.! The diffuser test sections provide the
transition between the supersonic MHD channel and the ra-
diant boiler. With optical access provided to the acrodynamic
duct of the CFFF, a test section designed to simulate an MHD
channel, emission absorption measurements of temperature
and seed density have been made for the first time in the
upstream of a prototype coal-fired MHD facility.> With large
fluctuations in the flow properties at this location, it provides
an extreme challenge for nonintrusive diagnostic measure-
ments.>

Three basic signals are needed for emission absorption
measurements: 1) emission, 2) transmitted lamp, and 3) a
reference lamp. The reference lamp signal can be collected
prior to the test; separating the other two signals is challenging
and the method employed determines the system perfor-
mance. Basic schemes depend upon either temporal or spatial
separation. Previous reported techniques from other re-
searchers with the potential of high-speed time resolution
include a knife wedge method* and a light polarization tech-
nique.® Both methods are impractical for measurements on
large-scale facilities because both require careful optical align-
ment and are especially sensitive to any vibration that may
move the knife wedge or the polarizer. A high-speed tech-
nique using individual photodiode detectors positioned on and
closely off a white light image provided insensitivity to vibra-
tion and simple alignment.® However, by using a line filter
for spectral separation, the technique did not provide the
multiwavelength signals necessary for accurate measurement
in coal-fired MHD flows.

Standard operation of the PEAS instrument relies upon
temporal separation of the signals. Large standard deviations
in the measurement uncertainties at this location led to the
design and construction of a two-beam, spatially separated
optical scheme for the instrument. The new scheme provided
much improved measurements. This article briefly compares
the two different signal separation schemes, presents typical
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MHD Flow

Potassium Spectrum

0.5ms
Achromat Exposures -

Lenses [

Chopper
Controller

Sync Out

55 e 76 770 77s
Wavelength (nm)
— Transmitted Lamp -- Pre-Flame Lamp
Flame Emission — Background

Optical Fiber Clock In Lamp

Monitor

Cylindrical Né%r;itgr

Lens Lens

G 2 Spectrograph

¢ 1% - a with Vidicon L S
Shutter | 2512 - Detector OMA Terminal
Shutt Wavelength Controller Cti)lnl)’putﬁrl

utter it
Controller | Drive | e__Forward & Reverse Bits w; 0 13;:':

Activate Shutter Bit

Fig. 1 Multiwavelength potassium emission absorption system dia-
gram. Synchronized optical choppers separated transmitted lamp and
emission-only signals on two halves of a vidicon detector.

field test results, and demonstrates the ability to provide ac-
curate measurements on high-speed, turbulent flows.

Instrument

PEAS is a multiwavelength spectroscopic system developed
for measurements of temperature, seed atom density, and
electron density or conductivity in coal-fired MHD flows. The
instrument provides direct measures of the average temper-
ature and seed atom density, and from these measurements
it calculates the electron number density and electron con-
ductivity by assuming ionization equilibrium and an electron
collision frequency model. These calculations are presented
briefly below.

In its typical configuration, the system uses a system of
synchronized optical choppers and a vidicon multichannel de-
tector to provide quasi-time-resolved, spatially coincident
emission absorption signals.” The typical optical setup is dia-
grammed in Fig. 1. The emission absorption signals are re-
corded on separate tracks of the vidicon detector—a track
consists of 500 channels of data. Each signal is an exposure
of 0.5 ms and the signals are separated by 1 ms. It is important
that the instrument provides time-resolved spectra because of
the nonlinear relationship between the intensities and the
atomic density. Each channel of data corresponds to approx-
imately 0.06 nm, but with the inherent bleed of the vidicon
detector of about three channels the instrument resolution is
about 0.2 nm, sufficient to resolve the broad potassium lines.
A recorded reference lamp signal from the tungsten strip lamp
provides the instrument response calibration and a potassium
spectral lamp is used to calibrate the wavelength scale.

With high seed loading of potassium and long optical path
length, the potassium doublet resonance line in seeded MHD
flows is very broad and deeply self-reversed so that spectrally
resolved measurements are made in the line wings to avoid
errors due to the cooler boundary layers.® In addition, two
wavelength analysis cancels errors due to the broadband ef-
fects of the ash/slag particle cloud.® The multiwavelength na-
ture of the instrument allows for optimization of the choice
of measurement wavelength and analysis techniques depend-
ing upon the flow dimensions and potassium loading.

Emission Absorption Measurements
Radiative Transfer Equation

At a resonance line in a high-temperature flow, the trans-
mitted lamp signal is a line-of-sight integral across the flow
as

L
L(Ly=em J; (o, + z)B(T)edx + I[(0)e~ +J, (1)
where the optical depth at position x is

n= [ (@ + ) av @

Here, I(0) is the incident lamp signal, and /(L) is the outgoing
light from the flow at a path length of L. The particle in-
scatter term is included as J. The emission only intensity is
found by setting /(0) to zero. The atomic absorption coeffi-
cient «, is a function of x through its linear dependence upon
atomic density and its dependence on temperature and total
density through line broadening mechanisms.

Broadband particle effects are included as 7, E, and the
ratio of Planck blackbody functions at the particle tempera-
ture to the gas temperature at x as z = B,(7,)/B,(T,). The
particle cloud albedo is related to E as ©, = (E — 1)/E.

Constant Property Flows

The potassium D-line emission spectra on seeded MHD
flows are deeply self-reversed due to the cooler boundary
layers; however, the boundary layers are thin and the spectra
in the line wings can be well approximated as that of a constant
property flow as

I .6 = {(ay + zn)/(a, + nE)]|B(T,)(1 — e ™)
+ e ™ + J, 3)

where the emission from the hot gases I; is the first term,
and the second term is the transmitted lamp signal, i.e., the
incident lamp at x = 0 reduced by the total optical depth.
The total optical depth can be calculated as

7= (ay, + nEYL = u[lJ)(I, . — 15)] 4)

With a temporal separation scheme, there is always a time
delay between the emission signal and the transmitted lamp
signal. Changes in atomic density, particle loading, or flame
temperature between collection of the signals will introduce
error into the measurement.

Temperature Determination

The gas temperature is calculated by a modified line re-
versal technique. The Planck blackbody function ratio of gas
temperature to reference lamp temperature at a single wave-
length is

B\(T, I
CI)/\ _ /\( G) — — G (5)
B)\(TL) IL IL+(; + 1(}
with the gas temperature then found as
1 1 A
— =+ = 4(P
ot @ (6)

Temperatures found by single wavelength measurements
will be in error due to particle effects, misalignments, dirty
windows, etc.!® These broadband effects can be eliminated
by determining ® from two-wavelength measurements as

@, = [(7’/\,(1))‘1 - T,\ZCDAz)/(TAl - T/\z)] (7)

Potassium Number Density Measurement

The emitter number density, in this case neutral potassium
atom number density, is found as

hg = [("'Al - 7}«2)/(0').1 - O-Ag)] ®

where o, = a,/ny is the absorption coefficient per atom. An
experimentally determined power law profile matched to a
Voigt profile on the blue wing of the D, line was used for
calculating the atomic absorption coefficient.!! The accuracy
of the number density determination will be limited by the
knowledge of the absorption coefficient.
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Electron Density Determination

The electron density can be found by assuming that the K+
ion density n,+ is equal to the electron density n,, and is
related to the seed atom density ng through a function of
temperature as given by the Saha equation for ionization equi-

librium:
E,
w(E) o

where the statistical weight ratio g,/g, is z for the alkali metals,
and E, is the potassium first ionization energy.

nng. _ (2amkT)"” 2g,
0% h? 8o

Electron Conductivity Determination

With an electron mobility model the electron conductivity
is calculated from the electron density as

o, = epn, (10)

For these experiments on the CFFF aerodynamic duct, ther-
modynamic equilibrium calculations were used to determine
the neutral and ion species concentrations at standard oper-
ating conditions, with the seed loading varied from 0.6 to
1.8% potassium by weight in order to cover the expected
operating envelope of MHD channels. The electron mobility
was determined by the method presented by Frost,'? with a
numerical integration over the Maxwellian distribution of
electron velocities including both electron-neutral and elec-
tron-ion collision frequencies. Example mobility results are
shown in Fig. 2.

Experiment Results

Figure 3 plots typical emission absorption measurements in
the CFFF diffuser using temporal separation of the signals.
The measurements are made from individual one-half-ms ex-
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Fig. 2 Electron mobility calculations for the aerodynamic duct at a
pressure of 2 atm.
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Fig. 3 Typical measurements of temperature and potassium atom
number density in the diffuser of the CFFF.

posures taken every 1 s. Lines showing plus and minus one
measurement standard deviation are shown dotted, whereas
the solid line shows the average values for sets of 50 mea-
surements. The standard deviations represent the instrument
uncertainty combined with the true fluctuations in the flow.
The standard deviations are about double that for the best
instrument uncertainty as found experimentally on a stable
bench-top flame. This indicates a reasonably small and ac-
ceptable instrument uncertainty for measurements in the dif-
fuser.

Measurements in the optical test section of the aerodynamic
duct shown below are from the LMF5 series tests on CFFF
facility with Rosebud coal and a nominal primary stoichi-
ometry of 0.85. The flow diameter is 12 ¢m and the mea-
surement port is approximately 3 pipe diameters down from
the coal-fired combustor. The flow pressure is estimated to
be about 2 atm at the optical port location and the flow ve-
locity is quite high (>1000 m/s). The flow is expected to be
much more turbulent and to show greater fluctuations at this
location closer to the coal-fired combustor as compared to
the diffuser.

The optical access is limited to 1-in. windows with a large
f number of 9. This limited access combined with a limited
space for optics on rails in front of the windows, led to the
choice of a collimated optical arrangement for the first mea-
surements on the aerodynamic duct as shown in Fig. 4. Figure
5 shows measurements at the CFFF aerodynamic duct for
temporal signal separation.

In spite of the noisy measurement results in the aerody-
namic duct, the PEAS instrument was able to provide useful
measurements as shown in Fig. 6 for measurements of po-
tassium number density at differing seed loading during the
LMF35-F test. The general trends agree with the planned fa-
cility seed loading changes.
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Fig. 4 Optical arrangement for spatially coincident, temporally sep-
arate emission absorption signals.
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Fig. 5 Measurements of temperature and potassium atom number
density in the aerodynamic duct of the CFFF for the LMF5-C test.
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Fig. 6 Potassium atom number density measurements in the aero-
dynamic duct of the CFFF for the LMF5-F test.
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Fig. 7 Potassium emission absorption system diagram for spatially
separate, temporally coincident signal collection.
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Fig. 8 Measurements of temperature and potassium atom number
density in the aerodynamic duct of the CFFF for the LMF5-G test.

14
Eg 101
B3
Q@
R :
'U-E 6 - 4
g§E Ao ; -
© I T |
29 Adjt2Znd Comib: System Off-line
~ Bl N ——
SO
2 1E204
w
s 3
7
Qa
P
E
Z 1EI8
11 13 15 17 19
Clock Time (Hour)

Fig. 9 Measurements of electron number density and conductivity
in the aerodynamic duct of the CFF for the LMF5-G test.

At the aerodynamic duct the flow velocity is quite high (>1
kmy/s), and the high potassium density measurement standard
deviation was believed to be due to the noncoincidence of
the exposures for the two separate signals, i.e., flame-emis-
sion and lamp transmission. Therefore, for later experiments
the single beam optics were replaced with a two-beam optical
arrangement for spatially separate, but temporally coincident
signal collection as shown in Fig. 7. A single optical chopper
with a 5-deg opening was used with the two fibers—each
signal is an 0.5-ms exposure corresponding to a view of 50
cm or more of flow at a velocity of greater than 1 km/s.
Considerable reductions in the measurement uncertainties were
found with this new signal collection scheme as seen in
Fig. 8.

The beam diameters at the crossing in the center of the
flow are about 1 cm, so the beams are essentially overlapped
while traveling inside the flow volume, especially considering
that the signals average light from about 50 cm of flow during
the 0.5-ms exposures. A major possible source of systematic
error is the scattering by ash/slag particle of lamp light into
the flame-only beam. At the elevated temperatures of the
aerodynamic duct, the particle loading is expected to be low
and scattering is not expected to be a problem. This is con-
firmed by the low frequency of Doppler bursts recorded by
the LDV system at this location."

The two-beam optical scheme provides a standard deviation
for the potassium number density of about 20%, a consid-
erable reduction from the 50-100% for the temporal sepa-
ration scheme, approaching the limits for a stable bench-top
flame. The excellent agreement in average measured potas-
sium density for the two schemes on different tests—but with
the same nominal conditions—indicates that the temporal
separation scheme does provide valid measurements in spite
of the noise.

Figure 9 shows that with the lower standard deviations for
temperature and potassium density, reasonable results are
found for calculating the electron density and electron con-
ductivity. These results were found using an estimated pres-
sure of 1.78 atm. The calculations of electron conductivity are
especially sensitive to any errors in pressure, so without a
pressure measurement concurrent with the emission absorp-
tion measurements, the conductivity calculation can only be
considered a rough estimate.

Discussion

For a confined turbulent flame, the physical dimension of
local equilibrium is limited by (not necessarily equal to) the
smallest confinement size. Suppose that the smallest confine-
ment dimension is d and the speed of the flow is v, then the
time for a section of local equilibrium to fly by is less than
d/v. This time is the upper limit allowed for collection of the
flame emission and transmitted lamp signals in order to ensure
that a temporal separation optical scheme will be valid.

At the CFFF diffuser, the flow diameter is 76 cm and LDV
measurements at the exit of the diffuser of the CFFF show
the flow speed to be less than 100 m/s.'* Thus, the minimum
local equilibrium characteristic time is about 7.6 ms, which is
well outside the 1-ms signal collection-delay for the temporal
separation scheme. The 1-ms delay between the flame emis-
sion signal and the lamp plus flame signal is clearly not a
problem for this location.

In contrast, at the aerodynamic duct the flow diameter is
12 cm and the average flow speed is approximately 1000 m/
s, thus the minimum estimate of local equilibrium time is
about 0.12 ms. Also, the flame is expected to be more tur-
bulent at the aerodynamic duct than at the diffuser, and con-
siderable fluctuations in the flow parameters could and would
be expected to occur during a 1-ms signal collection delay at
the aerodynamic duct.

The two-beam, spatially separated optical scheme improved
the measurements considerably, but not without tradeoffs.
This optical setup requires greater optical access and an ad-



BAUMAN ET AL.: TEMPERATURE AND SEED ATOM DENSITY 477

ditional optical fiber, is more difficult to align, and the align-
ment is more difficult to maintain on a large-scale facility with
significant vibrations because of the low f number of the col-
limating lenses. However, the results clearly indicate that the
coincident, spatially separate signal collection scheme is the
solution for measurement in high-speed, turbulent flows.
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