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Monitoring Magnetohydrodynamics Boundary Layers
Using Emission Line Shape Features

Leslie E. Bauman* and Lihong Zhongt
Mississippi State University, Mississippi State, Mississippi 39762

A strong correlation has been found between the center dip slope of self-reversed atomic potassium
emission lines in a coal-fired magnetohydrodynamics flow and the thickness of the cool boundary layer
surrounding the hot core flow. The boundary-layer profile was determined indirectly from line shape
fitting of simultaneous time-resolved multiwavelength emission and absorption spectra. For line shape
fitting, a power law model with an effective boundary-layer width is proposed for modeling the radiative
transfer across a turbulent boundary layer, rather than an inverse power law model that is used for a
turbulent velocity boundary layer. A simple relationship can be written between the center dip slope and
the effective boundary layer width that will allow real-time monitoring of the turbulent flow.

Nomenclature

= Planck blackbody light intensity

= particle light extinction-to-absorption ratio

= fraction

= light intensity

optical path length

= boundary-layer shape exponent

= temperature

= optical path position

= ratio of blackbody intensity at the particle temperature
to blackbody intensity at the gas temperature

= atomic absorption coefficient, per length

= boundary-layer width in power law and inverse power
law thermal models

= particle absorption coefficient, per length

wavelength

= optical depth
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Subscripts

av = path-averaged temperature

¢ = core

eff = effective boundary-layer width in the power law
model

= total path length

wall

= path position

= wavelength dependence
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Introduction

MISSION spectra from high-temperature flows, flames,

rocket plumes, etc., provide line-integrated information
about the state of the flow, in particular, the temperature and
the emitting species density. For highly symmetric flows, emis-
sion profiles along various chords of a flow have been used
with Abel inversion to indirectly extract profiles of temperature
and species density from the emission spectra. For the most
part, the line-integrated nature of emission spectra is consid-
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ered a disadvantage and is used as an argument for the use of
spatially resolved laser-based spectroscopic measurements. For
confined flows with limited optical access, obtaining spatial
information can only be accomplished with traversing and con-
sequent lack of time resolution. For a highly fluctuating flow,
spatial information obtained indirectly from time-resolved
multiwavelength emission spectra may provide a truer picture
of the flow properties than direct but time-averaged spatially
resolved measurements.

Recent magnetohydrodynamic (MHD) power generation de-
velopment has centered on coal-fired combustion flow seeded
with potassium as a source of conduction electrons. Previous
work has demonstrated that line shape fitting of simultaneous
potassium D-line emission and absorption spectra can provide
thermal boundary-layer information on the high-temperature
flow." Such experimental measurements provide information
important for process analysis and accurate modeling of the
heat transfer and electrical conduction.” With multiwavelength
detection, the boundary-layer information is obtained from a
spectrum representing a snapshot of the flow, and probability
distribution functions can be developed from analysis of mul-
tiple spectra to reveal the fluctuations in the flow. Although
line shape fitting can provide this information, the fitting is too
slow to be used as a commonplace diagnostic, and a study was
undertaken to find correlations between experimental line
shape features and the flow parameters to find a method for
real-time monitoring of the turbulent boundary-layer flow.

Line Shape Fitting

Figure 1 illustrates potassium D-line emission spectra from
a channel-simulation subsection of a prototype-scale MHD fa-
cility.’ The nominal test conditions were combustion of west-
ern air with 1% potassium seed added as a 47% solution of
potassium carbonate, 0.85 primary, and 1.10 secondary stoi-
chiometry. The combustor provided 100% slag carryover. The
optical ports were located 0.5 m downstream from the com-
bustor where the pipe diameter, and therefore, optical path
length, is 12 cm and the pressure was estimated as 1.78 atm.
The potassium lines are very broad because of high potassium
loading and high temperature combined with a long optical
path length, and are deeply self-reversed because of the cool
boundary layer surrounding the hot core flow. The dramatic
differences in line shape indicate large fluctuations in flow pa-
rameters, particularly the boundary-layer width.

Fitting the potassium emission and absorption line shapes to
a radiative transfer model allows an indirect determination of
the thermal profile across the MHD channel flow. The absorp-
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Fig. 1 Example potassium D-line emission spectra. Each spec-
trum is an 0.5-ms time exposure with an interval of 1 s between
the consecutive spectra.

tion spectrum must be included in the fit along with the emis-
sion spectrum and because of the high speed and large fluc-
tuations in the flow, they must be recorded simultaneously.*
The fitting is accomplished using a nonlinear least-squares al-
gorithm modeling the line shape as reported previously,' and
summarized briefly here.

The atomic D-line emission absorption spectra are modeled
at each wavelength by an optical path integral across the flow
as

(L) = e_“f (ar + zBy(T)e™ dx + Li(0)e ™™
X (1)
Tx=f (ay + mE) dx’

(o]

Here, 1,(0) is the incident reference lamp signal and I,(L) is
the outgoing light from the flow at a path length of L. Light
scattered into the optical path by particles is not included in
the model. The emission-only intensity is found by setting 7,(0)
to zero. The atomic absorption coefficient «, is a function of
the path position x through its dependence upon temperature
and density, and it is modeled by a Voigt profile matched to a
power law profile in the line wings.’

Broadband particle cloud effects are included as mE and zm.

A single parameter model for the potassium atom density
profile as a function of temperature was developed from chem-
ical equilibrium predictions for conditions representative of an
MHD flow. In this model the number density is related to the
density at the core temperature through an exponential func-
tion that can vary smoothly between an ideal gas law relation-
ship and equilibrium chemistry. The four-temperature profile
model parameters given next: two atomic density parameters
and two particle cloud parameters constitute the eight param-
eters used in the fitting routine.

Figures 2-5 illustrate the results of fitting over 6000 spectra
recorded over a several hour period to a model thermal bound-
ary-layer profile as discussed later in this paper. Results re-
ported in a previous paper show that the core temperature is
well determined and the value compares well to a modified
line reversal measurement that was used as the starting value
for fitting." The near-wall temperature is found from a Planck
blackbody averaging across a narrow portion (0.5 mm) of the
fit thermal boundary-layer profile near the wall.

The probability distribution function for the boundary-layer
width shows a sharp peak with the most probable boundary-
layer width just under 1 cm. A significant number of samples
with very wide boundary layers are also predicted. An average
of the thermal profiles determined by fitting the instantaneous
line shapes predicts a boundary-layer width of about 2.5 cm,
which matches that found with time-averaged traversing mea-
surements of velocity by laser-Doppler velocimetry (LDV) and
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Fig. 2 Sample distribution for the MHD flow core temperature
found from line shape fitting.
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Fig. 3 Sample distribution for the MHD flow near-wall temper-
ature found from line shape fitting.

measurements of temperature by coherent anti-Stokes Raman
spectroscopy (CARS). The results found from time-resolved
line shape fitting more closely match flow modeling predic-
tions of a narrow boundary layer.’

Thermal Boundary-Layer Model Profiles

The typical thermal boundary-layer model used for turbulent
flow and that used for the fitting results shown earlier are given
by an inverse power law model as

/N
T, + (T, - T,) <§> 0=x=35

d<x<L—6 2)

/N
L —
T, + (T, - T,) <Tx> L-8=x=1L

where L is the pipe flow diameter that corresponds to the op-
tical path length across the flow. This inverse power law model
is taken from that for a turbulent velocity profile, assuming
that the Prandtl number is not far removed from 1 (Ref. 7).
For turbulent boundary layers, N is typically 7-10.

Example fits to two spectra using the inverse power law
profile are shown in Figs. 6 and 7 along with the fit temper-
ature profile parameters and uncertainties. The uncertainties
are estimated by the fitting parameter curvature matrix. Typical
uncertainties in fitting the wall temperature were 200-300 K.
The inverse power law profiles are very steep at the wall and
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Fig. 4 Sample distribution for the MHD flow boundary-layer
width found from line shape fitting. The total optical path length
in the duct is 12 cm.
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Fig. 5 Sample distribution for the MHD flow boundary-layer
shape exponent.

typically yielded unreasonably low values for the wall tem-
perature. The physically reasonable fitting results shown earlier
for the near-wall temperature were found by integrating the
thermal profiles from the wall inward to a distance of 0.5 mm.

Because the inverse power law profile is exceedingly steep
at the wall, it is not well behaved for numerical integration
and does not provide a true measure of the wall temperature.
We propose to model the radiative transfer instead with a
power law form for the thermal boundary-layer profile as given
by

For the same four parameters, 7., 7., 8, and N, the two models
have the same average temperature in the boundary layer, T.,
= (T, + NT)/(1 + N). However, the alternate model is less
steep at the wall, and so it is better behaved for the numerical
integrations needed for the fitting.

The inverse power law profile has a distinct kink in the
profile, where it matches the core value, whereas the alternate
profile matches smoothly to the core temperature at the edge
of the boundary layer. As a consequence, the power law model
does not provide as distinct a boundary-layer width as the in-
verse power law profile. We suggest the computation of an
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Fig. 6 Illustration of line shape fitting results for an example
spectrum that fits to a thin boundary layer.
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Fig. 7 Illustration of line shape fitting results for an example
spectrum that fits to a wide boundary layer.
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Fig. 8 Comparison of the inverse power law and power law ther-
mal boundary-layer models for N = 7.

effective boundary-layer width, defined as the spatial position
where the temperature is a fraction f of the difference between
the wall and core temperature as

Sur=1[1 — (1 — fH"* "8 4)

where f was taken to be 0.99 for the following computations.
Figure 8 illustrates the difference between the two model pro-
files.

A subset of 50 emission/absorption spectra were fit to a
boundary-layer profile using the inverse power law model and
the alternate power law model as presented earlier. Little dif-
ference was seen between fitting parameters for the two mod-
els, comparing the sum of the square deviations, the spatially
averaged temperature and the core temperature for each. Fig-
ure 9 shows a comparison between the two model thermal
boundary-layer profiles for a spectrum showing a narrow
boundary-layer profile. The excellent agreement between the
effective boundary-layer width found with the power law
model and the boundary-layer width of the inverse power law
model is also illustrated.

Not all of the fit profiles compare quite so favorably, espe-
cially those for the spectra that fit to larger boundary-layer
widths, an example is shown in Fig. 10. However, the fits
closely predict the boundary-layer widths, for this example, &
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Fig. 9 Comparison of the thermal profiles found from fitting for
an example spectra fit to a narrow boundary layer.
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Fig. 10 Comparison of the thermal profiles found from fitting
for an example spectra fit to a relatively wide boundary layer.

= 2.4 and 8. = 2.3 cm, for the inverse power law and power
law thermal profiles, respectively.

There was no significant difference in the sum of the square
deviations found by fitting this particular emission absorption
spectrum to the two model profiles, but the core temperatures
found from the two fits differed by 20 K. This is a general
result for those spectra with broad center dips. Perhaps these
spectra do not contain enough spectral information on the
wings of the line to nail down the core temperature and fit to
a unique boundary-layer profile. For the 50 spectra, the sum
of the square deviations between the core temperature found
for the two models was 6 K for the spectra with boundary
layer widths less than 1.5 cm and 23 K for all of the spectra.

Figure 11 shows a comparison between the boundary-layer
width found from an inverse power law profile and the effec-
tive boundary-layer width from a power law profile. Only at
the larger widths is there a systematic difference between the
two model results, and then the effective boundary-layer width
using a power law model predicts more narrow boundary lay-
ers widths than the inverse power law model.

The sample distribution for the boundary-layer widths found
from fitting to the two different models is shown in Fig. 12.
Both models predict that the boundary-layer width for this flow
at this time to be most probably between 1-1.5 cm.

There is a general tendency for the wall temperature found
with the power law profile to be lower than that found for the
near-wall temperature and the inverse power law profile as
shown in Fig. 13. The wall temperature found by fitting to a
power law profile has an average value of 1855 £ 111 K, and
agrees well with a typically assumed value of 1800 K for slag-
coated walls.”

The average near-wall temperature found from the inverse
power law was 1951 = 166 K. The near-wall temperature is
a mathematical attempt to estimate the wall temperature by
integrating the very steep thermal profiles over a small arbi-
trary amount (0.5 mm). Although a rough estimate could be
made of the wall temperature from the inverse power law fits,
it seems more satisfying to find the wall temperature more
directly by fitting to the power law profile. The wall temper-
ature would not be expected to fluctuate as rapidly as the gas
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Fig. 11 Comparison of the boundary-layer widths found by fit-
ting to model thermal profiles: 8 and 8. for inverse power law
and power law models, respectively.
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Fig. 12 Frequency distribution of boundary-layer widths found
by fitting to the two model thermal profiles.
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Fig. 13 Frequency distribution wall temperatures found by fit-
ting to the two model thermal profiles.

temperature, and so the smaller uncertainty limit also implies
a better determination of the wall temperature with this profile.

Line Shape Features and Correlations

The same 50 emission/absorption spectra were investigated
for correlations between line shape and the boundary-layer
profile parameters. Figure 14 illustrates the simple shape fea-
tures that were calculated for each emission spectrum: the
slope of the intensity on the line wing, the slope of the inten-
sity in the center dip at a half-maximum intensity, the wave-
length of maximum intensity and the value of the maximum,
and the center dip intensity.

A strong correlation was seen between the boundary-layer
width and the slope in the center dip. Figure 15 shows the data
and a model relationship between the relative slope, (AI/AA)/
..., and the effective boundary-layer width from a power law
profile fit. The points are well fit to a curve of the form a +
be”, as shown. The form of the curve is simply that which
gave the best fit without regard to theoretical analysis. Similar



BAUMAN AND ZHONG 365

]max
Y Wing Slope

z
Z Center | |
8 Dip Slope )
= -

I .

min ‘ L

755 760 765 770
Wavelength (nm)

Fig. 14 Illustration of self-reversed emission line shape features.
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Fig. 15 Boundary-layer width 8., as determined by line shape
fitting vs the center dip slope.

2200
2100
2000
1900
1800 e
1700
1600
1500

Planck Relationship

- Best Fit

0 500 1000 1500 2000 2500 3000
Center Dip Intensity, 7,

Wall Temperature (K)

Fig. 16 Wall temperature found by line shape fitting vs the cen-
ter dip intensity.

curves could be drawn for the boundary-layer width found by
fitting to an inverse power law model.

The particle parameters, zn and nE, determined from fitting,
were quite variable presumably because of large fluctuations
in the particle loading. The average for all fits corresponds to
a particle cloud optical depth of 0.6, a value that reduces the
transmitted lamp intensity by half across the optical path length
of the flow." The broadband particle cloud affects the spectral
line shape significantly only in the line wings.® Near line center
the absorption coefficient is dominated by the atomic absorp-
tion coefficient, and the shape of the center dip is fundamen-
tally determined by temperature and atomic density profiles.
Hence, the correlation between the center dip slope and the
boundary-layer width is not directly affected by the particle
loading in the flow. However, the particle cloud does affect
the radiative transfer and will indirectly affect this correlation
through the actual thermal profile. The empirical form for the
relationship between boundary-layer width and center dip
slope can only be assumed valid for the nominal flow condi-
tions for which the line shape analysis was performed.

A reasonable correlation was also found between the center
dip intensity /., and the wall temperature as shown in Fig. 16.
This was expected because at line center the flow is optically
thick and the emitted light arises only from a narrow outer

layer of the flow. The curve found as a best fit to the data by
least-square fitting is flatter than that expected by purely a
Planck blackbody relationship. This may be because of the
spectral resolution of the spectrometer and the consequent con-
volution of higher intensity data away from line center into
this spectral feature.

One other line shape feature of particular interest was the
wavelength of maximum intensity, since it had been suggested
that this feature could provide a real-time monitor of the po-
tassium density if one had an estimate the thermal boundary-
layer width.” We found no correlation between this feature and
the potassium density as found by the emission absorption
measurements on the line wings and by line shape fitting. This
is most likely a result of the extreme fluctuations in boundary-
layer width in the coal-fired flow and may not apply to other
more stable flows, such as natural gas combustion MHD flows.

Conclusions

Previous results showed that emission/absorption line shape
fitting to an inverse power law model of a thermal boundary-
layer profile could provide a good measure of the core tem-
perature, the boundary-layer width, and the average or bulk
temperature in a high-temperature, turbulent MHD flow. How-
ever, the shape of the boundary-layer profile was not as well
determined and the wall temperature could only be estimated
by a mathematical artifice.

In this study, a power law model has been suggested for the
shape of the thermal boundary-layer profiles rather than an
inverse power law model. The less steep slope at the wall for
this model allows for 1) a better determination of the wall
temperature and 2) use of larger step sizes in the numerical
integration, and hence, faster fitting. The apparent tradeoff in
information between boundary-layer width and wall tempera-
ture is avoided by using an effective boundary layer width that
varies with the power law exponent.

A strong correlation was found between the slope of the
emission intensity in the center dip region and the boundary-
layer width found by line shape fitting to a power law model
of the thermal profile. The empirical form for the relationship
between the boundary-layer width at the particular flow con-
ditions will allow a real-time monitor of the boundary-layer
width in this high speed flow. While these results are specific
to the flow conditions in the particular MHD flow, a similar
form could be derived for other boundary-layer flows by the
same method used in this study.

It was also found that the center dip intensity is roughly
correlated with the wall temperature. A monitor based upon
this emission feature could be useful for avoiding operating
the channel electrodes or sidewalls at temperatures higher than
design, or for early detection of water leaks that would show
up as cool wall temperatures. Both of these line shape features
are easily monitored in real time so that a simple emission
spectroscopy system with fiber optic access to an MHD chan-
nel could provide a simple and robust diagnostic to assist in
process monitoring and control. The analysis techniques pre-
sented here are not limited to only MHD flows, but could
certainly be adapted as needed and applied to other boundary-
layer flows using an appropriate self-reversed emission line.
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