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ABSTRACT

This paper reports measurements of velocity and temperature in
the topping cycle environment found in the aecrodynamic duct of
the Coal-Fired Flow Facility (CFFF). Details of the measurement
methods are given. Also, the measurements are compared with
ideal thermodynamic expansion calculations and a multidimen-
sional gas dynamic model of the velocity and temperature within
the duct. Discussions of data analyses and numerical model sim-
ulations of the flow field within the CFFF LMF supersonic aero-
dynamic duct are provided. The measured temperature and flow
velocity are lower than expected and more representative of the
subsonic flow. The possible origin of this result is discussed.
These results and other measurements in the aerodynamic duct
carried out since 1992 demonstrate that on-line optical measure-
ments of an MHD coal-combustion plasma can be made in the
highly stressed, thermodynamic environment that is typical to that
existing in the coal-fired MHD generator.

INTRODUCTION

The importance of directly measuring performance parameters
such as temperature and flow velocity for the safe, efficient and
reliable operation of an MHD power plant has been discussed pre-
viously by Kumar and Cook]1. In general, measurement of temper-
ature, gas velocity, potassium atom number density, electron
number density, average particle size, and concentrations of cer-
tain molecular species allow for characterization of the plasma
and gas stream and provide the means to monitor, control, and op-
timize the systems operation and to diagnose potential problems.
In particular, monitoring these performance parameters are essen-
tial to:

* enable optimum control of the MHD power plant;

* properly interpret gross behavior of the power system;
* pinpoint the origin of a power shortfall;

* provide early warning of potential problems;

» maintain high plant efficiency;

* maintain operational safety; and

* maintain system longevity through preventive maintenance.

X.5.1

Measurements of performance parameters are particularly impor-
tant in the topping cycle region of an MHD power plant Although
the gas stream environment inside a coal-fired MHD power train
is rather hostile, optical-based measurement systems can provide
nonintrusive, real-time values of the desired performance/control
parameters.

This paper reports on the measurement of velocity and tempera-
ture in the topping cycle environment found in the aerodynamic
duct of the Coal-Fired Flow Facility (CFFF) which is located at
the University of Tennessee Space Institute (UTSI). These results
will be compared with ideal thermodynamic expansion calcula-
tions and a multidimensional gas dynamic model of the velocity
and temperature within the duct. These modeling studies provide
a means by which the flow field and heat transfer that develop
within the CFFF aerodynamic duct can be viewed. They also form
a basis by which the experimental data can be compared and qual-
ified and also the model evaluated. The modeling techniques that
were applied in this research to define the flow field have been
used in the past to analyze the gas dynamics and heat transfer in
various CFFF/UTSI test train components.

The location of the measurements is about 31" from the nozzle
thfoat, (see Figure 1) where the gas stream is about 4.75” wide.
The characteristics of the gas stream are typical of the topping cy-
cle region.

The local velocity measurements and the velocity profile reported
here were obtained with a laser Doppler velocimeter (LDV) sys-
tem. This system has been described previously by Wilson, et
al23 and velocity profile measurements in the CFFF diffuser and
furnace are described elsewhere.24 The local plasma temperature
measurements in the aerodynamic duct were made with a coher-
ent anti-Stokes Raman spectroscopy (CARS) system described in
detail by Singh, et al.56 Previous temperature profile measure-
ments in the CFFF diffuser have been previously reported and
compared with model calculations.7 These diagnostic systems de-
veloped at Mississippi State University (MSU) by the Diagnostic
Instrumentation and Analysis Laboratory (DIAL) where trans-
ported and operated from DIAL’S 18-wheeler-based mobile in-
strument laboratory.
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To allow for measurements in the topping cycle region special op-
tical access techniques and systems (OATS) have been devel-
oped. Details of these systems have been described by Hester and

Cook8and more recently by Cook and Lineberry.9 Briefly, these
systems provide for remotely changing dirty optical windows and
means for removing any slag build-up across the optical port Fig-
ure 2 shows the OATS used at the CFFF aerodynamic duct which
provided long-term optical access to the plasma stream. It should
be noted that the optical access hole at the gas stream was only
about 1 inch in diameter.

CFFF LMF OPERATING CONDITIONS

The experimental data that are presented herein were taken using
the MSU OATS in the CFFF LMF test train during two western
coal (Montana Rosebud) POC tests of 1993. These tests were:
LMF5-F of August ‘93 which resulted 290 hours of accumulated
coal-fired operation of the CFFF; and, LMF5-G of October ‘93
which achieved 314 accumulated hours of coal-firing.

Both the LDV and the CARS measurements were made during
sustained periods of time (hours) during each of these tests in
which combustor operation and that of the entire CFFF test train
was held stable at its nominal western coal POC operating point.
The CFFF LMF western coal POC combustor operating point
along with general combustor performance measures are summa-
rized in Table 1.

One point which is emphasized concerning the CFFF LMF POC
operating point is the use of aqueous solution of K2C 03 for seed-
ing the plasma. The liquid of the seed solution allows for fine con-
trol of the seeding rate in this system. However, it also tends to
quench the combustor flame about 60K below that which is
achievable with dry seed.

More detail on CFFF LMF combustor operation for the western
coal POC test program can be found in various reference materi-
als and reports on this facility and the POC test program. Particu-
lar references which detail operation and performance of the
upstream LMEF test train and summarize the work of implementa-
tion of the OATS into this part of the CFFF are cited in the bibli-
ography as references 9 and 10. These references also provide
descriptions on the hardware, components, operation, and history
of operation of the CFFF LMF “upstream” test train.

VELOCITY AND TURBULENCE MEASUREMENTS

Laser Doppler velocimetry (LDV) measurements were performed
in the aerodynamic duct of the Coal Fired Flow Facility at UTSI-
during LMF5-F August 13-15, 1992. The experiment was

TABLE 1
CFFF POC COMBUSTOR OPERATING POINT

Combustor Flows (kg/s):

Coal ... ... 0.37
oil ...... ... 0.21
Air ... .. 1.58
°2 .. 0.85
Seed ........ 0.12 t
Operating Point Specs:
Qil/ Coal ....... 057 tt
Stoichiometry....... 85%
NO ... 1.0
Qm Input....... 18.5 Mw
Seed Fraction ..... 1.0% Ttt
k2/s oo 4.02

Adiabatic Flame State: Tflam. = 2.872 K

Poorb * 4.51 Atm

tAqueous Solution - 47% K2CO3 by Mass

tt Fuel Mix is Based on 5050 per Thermal Input
ttt Ratio of Potassium to Total Row by Mass

done in the forward scatter mode and optical access was pro-
vided as illustrated in Figure 2. A schematic of the LDV ap-
paratus used for this experiment is shown in Figure 3.

Laser Doppler velocimeter has been extensively used for the
measurement of gas velocity and turbulence level at a given
point in gas streams. The technique measures the velocity of
small scattering centers by detecting the Doppler shift in the

scattered laser lightll. This is achieved by crossing two fo-
cused laser beams. The measurement volume formed by the
intersection of laser beams has an ellipsoidal shape. Interfer-
ence fringes will be produced at the point of beam crossing.
Alternative scattering or no scattering of light into the detec-
tor will occur as a particle proceeds through the beam inter-
section. The scattered light will produce a detector current of

X.5.2
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Figure 2. Optical Port Assembly

frequency proportional to the rate at which the particle inter-
cepts the fringes. This Doppler frequency is proportional to
the velocity component parallel to the plane defined by the
two beams and inversely proportional to the fringe spacing.
Different measurement points inside the gas stream are
achieved by moving the focusing lens system. The scattered
light signal arriving at the detector will be the same regard-
less of the direction in which the particle travels. This direc-
tional uncertainty in the LDV experiments is corrected by
shifting the frequency of one of the beams using a Bragg cell.
The frequency shift used in this measurement was 40 MHz.

The diameter of the ellipsoidal measurement volume is calculated
by the following equation

4Lf )
'm “ k DE

where X is the wavelength of the laser (514.5 nm), E is the
beam expansion ratio, fis the focal length of the lens and D
is the diameter of the laser beam. The transmitting optics
used in this experiment consisted of a 9 mm beam spacer, a
3.75X beam expander and a 6" diameter focusing lens having
a focal length of 1130 mm. This combination gave a diameter
of 132 pm for the measurement volume.

The measurement volume diameter can be related to the
length of the measurement volume (Zm) by the following

equation:

Q)
tanK  Ed

where dmis the distance between the laser beams entering the
lens. For the optical setup used in this study the calculated
length of the measurement volume is about 8.8 mm. When the
two laser beams cross, they will produce a set of closely

spaced, planar interference fringes at the point of crossing.
The angle between the two beams can be calculated as

K—tan1b;j 3)

The value of « calculated for the optical setup for this exper-
iment is 0.856°.

X.5.3

The fringe spacing is given by
X X
r o )
S 2sinK  Ed
In this case, the calculated value for the fringe spacing is 17.23
pm. Since the fringe spacing is known, the velocity of a particle
crossing the probe volume is given by

R =fod )

where fD is the frequency of the Doppler burst For a measured

centerline Doppler burst of frequency 55 MHz, we will have a ve-
locity of 948 my/s at the centerline of the duct.

The laser depicted in Figure 3 is a Coherent model Innova 90-5 ar-
gon ion laser with green light of wavelength 514.5 nm. The laser
and most of the transmitting optics were kept inside a mobile labo-
ratory (see Figure 9). Incident laser beams were transmitted to the
test site using two 30 m long optical fibers. The optics that were
kept at the measurement site included the beam expander, focusing
lens, and the receiving optics. The optical arrangement was done in
such a way that the measurements were carried out in the forward
scattering mode. The focusing lens was mounted on a remotely
controlled traverse system in order to move the measurement point
across the duct. The photomultiplier tube was kept near the signal
processor inside the mobile laboratory. An optical fiber link was
used to transmit the scattered signal from the receiving assembly to
the photomultiplier. The signal processor used for analyzing the
signal was a Doppler Signal Analyzer (DSA) designed by Aero-
metrics Inc.

The collection optics consisted of a 3.25" diameter lens of focal
length 900 mm and a receiving assembly that focuses scattered light
collected by the receiving lens onto the photodetector aperture. The
alignment on the forward scattering side was maintained as the
measurement volume is moved by means of a motion controller
system from the mobile laboratory. This system consisted of two
Newport 860A linear Motorizers which replaced the two thumb
screw adjustments on the receiving assembly. These screw adjust-
ments are used to focus the scattered light onto the photodetector. A
50 m long cable was used to connect the Motorizer with the

Figure 3. A Schematic Of The LDV Apparatus.
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Figure 4. Axial (Upper) And Transverse (Lower) Velocity
Profiles Across The Aerodynamic Duct

hand-held motion controller. The Motorizer was adjusted with the
motion controller by looking at the signal level on the oscilloscope
and the intensity of the signal light on the Aerometrics Doppler sig-
nal analyzer. These adjustments are required each time the measure-
ment volume is moved. Without this motorized system, it would not
have been possible to maintain the alignment of the forward-scatter
configuration, since access to the LDV equipment was very limited.

The accuracy in the measurement of velocity using a LDV system
depends significantly on the value of fringe space (df). This is a cal-
culated value and depends on the laser wavelength, beam spacer,
expansion ratio, and the focal length of the lens. The focal length of
the lens can be measured within + 2 mm. The beam spacing and ex-
pansion ratio values are provided by the manufacturer and used as
quoted.

The accuracy of the calculated value of the fringe spacing was
tested by measuring the velocity of a wheel rotating at a known
speed. The velocity of this rotating wheel is 16.6 m/s for the given
r.p.m of 1800. The mean velocity value measured with the LDV
setup used for this experiment was 16.4 m/s and is in good agree-
ment with the calculated value. This suggests that using the calcu-
lated value of fringe spacing will provide a velocity value within
1 - 2% of the original value. At 1000 m/s, this represents a maxi-
mum uncertainty of+ 20 m/s

LDV RESULTS AND DISCUSSION

The combination of high velocity, small particle size, and reduc-
tion in the collection aperture to about 1" made the usual back-
scatter measurements virtually impossible. A forward scatter
arrangement as described was used to overcome these difficulties.
With this configuration we were able to measure the velocity pro-
files (x- and y- components) across the acrodynamic duct. A com-
posite plot of the profiles is shown in Figure 4. The mean velocity
(x-component) measured at the centerline position (2.4" from the
west wall) of the duct was around 950 m/s. The velocity profile is
almost flat except for the positions near both port openings. More-
over, the profile is symmetric indicating that the output of the
combus  and upstream elements are symmetric. Measurements
have B>  rade previously at locations where the velocity profile

isnots\ .metric.3-12 Figure 5 shows a composite plot of the axial
velocity component histograms at different positions across the
duct. Figures 6-7 give an alternate and detailed presentation of the
velocity (x-component) histograms at selected positions across
the duct. It is interesting to note that the histograms display a bi-

modal character for positions near the wall and this disappears at
about 0.9” into the duct At positions closer to the wall of the duct
the low velocity part of the histogram becomes dominant. This
phenomena was observed on both sides of the duct and is believed
to be due to the presence of the optical ports. The y-component
velocity profile is shown in the lower portion of Figure 4. The
mean values were close to zero at every measurement position
and displayed a range from about -100 m/s (down direction) to
+100 m/s (up direction). Figure 8 shows a y-component velocity
histogram at the centerline of the duct. The mean velocity value
(y-component) was only 2.00 + 37 m/s at this position.

It perhaps should be noted that each histogram represents about
1000 single particle measurements. Moreover, as a check of the
performance of the signal processor, various Doppler bursts
where digitally recorded and analyzed for the Doppler frequency.
Velocities derived from this procedure were entirely consistent
with the signal processor data analysis.

The effect of purge on the flow near the port walls was investigat-
ed by using a control system in which the port purge could be
turned off for short times (=5 sec). The LDV measurements ob-
tained during a “purge-off” condition showed no significant
change from those during the normal “purge-on” condition. It was
observed, however, that during the “purge-off” condition, slag
particles accumulated at the window rather quickly. The purge
which is typically used is within the range of 15-20 ft3min of ni-
trogen gas or argon gas. This is an extremely small amount com-
pared with the combustion gas flow.

TEMPERATURE MEASUREMENTS

To measure the temperature at a point in the gas stream, a laser
based technique was employed known as coherent anti-Stokes Ra-
man spectroscopy (CARS). The measurements were taken at the
same optical port where the LDV measurements were made.

The experimental CARS system and details of the method have
been described elsewhere3'7. In Figure 9 we give a schematic illus-
tration of the CARS measurement system. Briefly, the technique
involves the use of two narrow band laser beams at pump frequen-
cy @j and one broadband dye laser beam at Stokes frequency Ok-
The three beams are then phase-matched as depicted in Figure 10,
and focussed by a lens to a point in the gas stream where the laser-
like CARS signal is generated. The CARS signal occurs at the
anti-Stokes frequency 0)3 =2d] -0>2 and is generated by a nonlin-

ear process involving the third-order electric susceptibility %5° of

X.5.4
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the medium. The intensity of the anti-Stokes signal beam is given
by

eI a0

1CARS = —— — ¥ 1lump * hukes * \*CARS\2 * »

where the I’s are the pump and Stokes laser beam intensities, / is
the interaction length where the three beams overlap. Here it is as-
sumed that the beams are properly arranged to insure that momen-
tum conservation (phase matching) is fulfilled. The Xcars % the
third-order susceptibility of the medium which consists of a fre-
quency-dependent resonant part and a nonresonant part

X-CARS = t-HR+ %R TP’ A

where T is the gas temperature, P is the static pressure, and N is the
probed molecule number density.

The use of a broadband dye laser permits the CARS spectrum of
aspecies to be obtained with a single pulse of the laser. The center
frequency of the dye laser is chosen such that (tOpC(h) is close to
a Raman resonance frequency of the species being measured. In
the present case, for an air-fuel combustor, the nitrogen molecule
is a major gas species and is hence used to extract the gas temper-

Velocity hlstooraa (>-coaoonentl at 0.5 In.

2SD 400
Velocity. «/s

Velocity hlsTcwao Ix*coaoonent) at 19 In.

ature. In particular, the shape of the N2 CARS spectrum is sensi-
tive to the gas temperature. To extract the gas temperature, the N2-
CARS spectrum is calculated for different temperatures and com-
pared to the experimental spectrum.

As shown in Figure 9, the pulsed Nd-YAG laser and broadband
dye laser are contained in the rear of an 18-wheeler type trailer.
This mobile laboratory provides a means to transport and operate
the CARS system. The trailer is parked close to the test facility.
The pump and Stokes laser beams are sized, manipulated, and
aligned as required for proper phase matching and to insure the
three beams subsequently focus at their crossing point. The laser
beams are sent out through a hole in the back of the trailer and di-
rected to the test media using a series of right angle turning
prisms. The two prisms are mounted on a rigid stand about 6 feet
above the ground and the separation of the prisms may be changed
to allow the laser beams to be aligned with the optical port Tra-
versing lenses at the port site are used to focus the laser beams into
the test medium and collect the signal generated. The lens system
consists of two converging lens. The first lens focuses the laser
beams into the test region where the CARS signal is to be gener-
ated. The CARS signal, along with the original laser beams, are
recollimated through the second traversing lens system and di-
rected to the receiver. The lens are mounted on a translation stage

Velocity hlstograa (»-coaoonentl at 0.40 In.

Velocity hlstooraa (x“co«oonent) at 2.4 In.

Figure 6. Detailed Velocity Histograms As One Moves From the West Wall Toward The Center Of The Gas Stream
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and a computer-controller stepper motor is used to move the two
lens together in the forward or backward direction. In this way,
the focus point is moved across the gas stream allowing the tem-
perature profile to be obtained.

The receiver contains a dichroic mirror and beam blocks which
separate the CARS signal from the high intensity laser beams.
The CARS signal is then coupled to an optical fiber with a suit-
able lens and a couple mounted on an x-y-z translator. The cou-
pler may be remotely translated to maximize the CARS signal
transferred to the optical fiber. The optical fiber brings the CARS
signal to the spectrograph. The detector mounted on the exit of the
spectrograph is a double intensified diode array (DIDA). The de-
tected CARS signal and other important data are sent to a MI-
CRO-VAX computer for analysis.

To reduce the large background from the high luminosity gas
stream the DIDA detector was operated in a gated mode. An ad-
justable aperture was also mounted on the receiver table to further
reduce the emission from the gas stream. By properly adjusting
the gate pulse delay and pulse width with respect to the CARS sig-
nal, reasonable-quality CARS data could be obtained. A typical
200-ns gate pulse width and 100-ns delay between the rising edge
of the pulse from the laser were used in the CFFF measurement.
To improve the signal-to-noise, a series of spectra are averaged.

Velocity hlstooraa (x-co*>oonent) at 2.65 in.
MO

G TEST: LIVFF
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Velocity histooran (x“coaocneni) at 3.40 In

Velocity. */s

Velocity higtooran Ix-awoanent) at 3.90 In

In particular, the spectrum in Figure 11 represents the accumulat-
ed detector average of some 100 laser pulses (10-sec average).
This spectrum, when analyzed, gives a time averaged tempera-
ture. A set of such CARS spectra (say 10 or so) are collected at
each point across the gas stream. Each spectrum in a given set is
analyzed for the temperature. The average temperature is then
computed for the data set along with the standard deviation. This
procedure provides the temperatures and deviations shown in the
following figures.

CARS RESULTS AND DISCUSSION

The mobile CARS system was aligned at the CFFF aerodynamic
duct during the October LMF5-G test run to measure the temper-
ature profile. The acrodynamic duct CARS data showed interfer-
ence from laser-induced breakdown (LIB) effects. This
breakdown occurs because of the high laser power needed in these
measurements and this breakdown generates atomic emission
lines which can interfere with the CARS signal. Figure 12 shows
a typical laser induced breakdown emission spectrum. Some of
the atomic emissions are identified in the figure. This spectrum is
obtained by blocking the Stokes beam so as not to generate a
CARS spectrum. Also shown in the figure is a CARS spectrum
with accompanying breakdown emission. Though careful align-
ment could reduce this emission it is doubtful that its effects can

Velocity hlstocrar* (x~co«c>cnent) at 2.90 In.

Velocity histograi (x-conoonem) at 4.15 In.
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Figure 7. Detailed Velocity Histograms Moving From The Central Gas Stream Region To The East Wall Of The Duct.
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Velocity histocaram (y-cnnaonent) at 2.4 m.

Figure 8. Transverse Velocity Histogram
At The Centerline OfThe Duct.

be completely removed. Note strong emission lines overlap with
parts of the N2 CARS spectrum. In addition, there is a large non-

resonant contribution due to particle induced breakdown13. This
nonresonant particle effect was found to be larger in the duct (par-
ticle density higher) than that found in the diffuser. This gives the
gaussian-shaped spectrum shown in Figure 12 upon which the
CARS spectrum appears. Figure 11 shows a typical CARS spectra
(upper curve) taken at 0.25" from the center of the gas stream on
the east side of the duct. The dip in the observed spectrum near

2320 cm'1 is due to C2 absorption and occurs at the 0-1 N2 CARS
band. The temperature was extracted by fitting the spectral re-
gions which are not effected by C2 absorption. This complicates
the analysis since most of the 0-1 N2 CARS band must be omitted

from the analysis, and the temperature determination depends pri-
marily on the hot-band data. Usually, one fits both the cold band
and the hot band of the N2 CARS spectra to extract the tempera-
ture. The lower curve of Figure 11 is the difference between the
calculated and observed spectrum. Moreover, because of the sub-
stoichiometric conditions, the concentrations of various hydrocar-
bon molecular species, which contributed to the nonresonance
susceptibility, are not known very accurately. To take into ac-
count the variation of the nonresonant susceptibility and the N2
concentration in the probe volume, the C parameter (ratio of the
N2 mole fraction to nonresonant susceptibility) was floated in the

least squares fit Figure 13 shows the temperature profile near the
center of the gas stream extracted from the N2 CARS data taken
at different times during the test run of October 1992. The inferred
temperature was essentially a constant over a length of about 2"
near the core of the gas stream.

The large standard deviations (+ 200K), which are found in Fig-
ure 13, arise because of the significant turbulence of the rapidly
moving gas stream and the time response of the measurement sys-
tem. To obtain, e.g., reasonable signal-to-noise, time-averaged
spectra were collected over a period of about 10 second and dur-
ing this time the gas stream moves about 10,000 m and its instan-
tanecous character fluctuates many times. Nonetheless, the
average temperature can still be quite meaningful.

However, the additional complications mentioned previously can
affect the derived temperature. For example, the temperature ob-
tained by fitting mainly the hot band and a small part of the cold

band can be high14 by as much as 100 K. Also any contribution to
the measured spectra from breakdown emission in the hot band
region can lead to a higher derived temperature. The slight differ-
ences in the fit of an observed spectrum at two temperatures dif-
fering by 200K is shown in Figure 14. These considerations lead
one to expect that the derived CARS temperatures are most likely
high in the central core region of the flow.

As one moves toward the wall, the CARS temperature decreases
on both the east and west sides of the gas stream. Analysis of the
CARS data closer to the walls shows that there is a mixing of cold
and hot temperature spectra in the measurement volume. Because
of the limited optical access, the measurement volume was be-
tween 1 and 2 cm long. To prevent cold N2 from entering the gas
stream during these measurement, the optical ports were purged
with argon. However, near the walls, the purge tends to cool the
gas (N2) and the effect of the purge and turbulence gives CARS
spectra near the boundaries which are mixtures of cold and hot N2

spectra. It has been noted previously, that the fitting of a bi-model
temperature spectrum will only extract a volume averaged tem-
peraturel5. This is why the temperature profiles extracted from
the time averaged CARS data show a significant temperature drop
starting from 1" away from the gas stream center. This leads to a
much wider boundary layer than is actually present in the flow.

MODELING AND RESULTS

Discussions of data analyses and numerical model simulations of
the flow field within the CFFF LMF supersonic aerodynamic duct
are provided in following material. These simulations were un-
dertaken as part of an overall collaborative study by MSU and
UTSI to institute MSU’s optical access techniques and systems

(OATS) in the CFFF upstream test train.9

As part of this cooperative effort, UTSI was consigned the task of
providing their assessments of the experimental plasma measure-
ments that were taken by MSU-DIAL using their OATS during
the 1992 LMFS5 tests series. MSU provided these experimental
data to UTSI - UTSL, in turn, independently evaluated these data
based upon their familiarity with operation of the CFFF LMF sys-
tem and by performing independent numerical simulations of the
CFFF LMF upstream plasmadynamics to use in comparison to the
data.

The UTSI data analyses and plasmadynamic modeling results
provide a means by which the flowfield and heat transfer that de-
velops within the LMF aerodynamic duct could be confidently
viewed. The independent UTSI modeling results along with nu-

merical simulations of MSU4-7,16 form a basis by which the ex-
perimental velocity and temperature data from the MSU laser
plasma diagnostics can be compared and qualified.

THERMODYNAMIC ANALYSES

Prior to attempting any detailed gas dynamic and heat transfer nu-
merical calculations of the CFFF LMF plasmadynamics, a more
basic study was undertaken by UTSI to define the thermodynam-
ics processes for the flow expansion through the LMF upstream
flow train, i.e., from the combustor through the location of the
MSU optical flange. The results of this exercise prove to be most
revealing in defining the global range of gas dynamic variables
(plasma temperature and velocity) that can be expected. Results
of these studies are provided in Figure 15.

The NASA SP-273 thermochemical equilibrium computer code 17
was used to construct the plots presented in Figure 15. This code
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computes the ideal coal combustion process (combustion to ther-
mochemical equilibrium) to define the combustion gas constitu-
ents and its thermo- and gas dynamic transport properties. The
NASA SP-273 code was subsequently run in its _rocket mode”,
wherein, calculations were made for an isentropic expansion
process.

The expansion process calculations were initiated from a defined
combustor stagnation state. Perturbations on the combustion stag

nation state were impressed by specifying the combustion chamber
pressure at a level nominal for western coal POC operation (4.51

Atm) and then imposing variable levels of heat loss. This type of
parametric calculation provides a definition of the thermodynamic
state points through a supersonic flow expansion of a real gas (in
this case, coal combustion products).

It was sought in this study to arrive at “bounding” levels of the tem-
perature, velocity, and plasma conductivity at various locations
along the CFFF LMF upstream test train.

These “bounding” levels could in turn be used to define limits on
the thermodynamic variables within which MSU plasma measilre-
ments should be contained. The locations of interest are the com-
bustion chamber, the nozzle throat, the nozzle outlet, and the
location of the MSU optical flange. Each of these locations were
specified in the calculations by definition of the expansion ratio (A/
A¥*). The various lines shown on the plots of Figure 15 represent
these specific locations.

The ideal flame state for the CFFF LMF test train with burning of
western coal at the operating point of Table I is defined in Figure 15
by the solid Lire representing the combustor. Subject to adiabatic,
complete combustion, the ideal flame state is predicted at a temper-
ature of 2872K with conductivity at 1 1.2 S/m. Of course in the real
situation, where heat losses reduce the thermal state of combustion
(stagnation state of the flow expansion), the flame condition is sub-
stantially reduced.

The shaded regions shown on the plots of Figure 15 identify an es-
timate of the range of heat loss that is normally experienced in op-
eration of the CFFF LMF with western coal. The span of this
shaded region across the heat loss scale illustrates variation in heat
transfer that is seen to occur in LMF5 testing. This variation is a
consequence of variations in the coal slag coverage that occurs with
run time.

Furthermore, the shaded areas of Figure 15 represent the cumula
tive heat loss as the plasma flow moves through the upstream test
train, i.e., from combustor, through the nozzle and then throug ¢
fust section of the supersonic aerodynamic duct. The increase in
heat loss as the flow progresses through this region can be seen b>
tracing through the mean level of the shaded region across the plot-
ted lines in the direction from combustor to MSU flange.

At amean level of heat loss as experienced in LMFS5, the flame state
(stagnation state) is substantially reduced from the adiabatic state
cited above. A reasonable estimate of the flame state during actual
operation would be at a tempierature of 2725K and conductivity of
5.9 S/m.

The axial location of most interest in this study was the MSU flange
location (shown in Figure 15 by the large dashed line). Reviewing
the NASA SP-273 calculations for this location as given here, it can
be confidently contended that for supersonic” operation of the
LMF test train; the temperature (T), velocity (U), and conductivity
(o) measurements taken at the flange should be within the follow-

ing bounds:

2545K > T > 2315K
1342 m/s > U> 1290 m/s
6.2S/m>a >2.0 S/m

These bounds are considered extreme broad—they extend from an
ideal adiabatic flow situation through a heat loss level above that
experienced in any LMFS5 test.

From a review of the experimental data that are presented in the
previous and later sections of this paper, it is apparent that the MSU
plasma measurements are well outside of these bounds. The CARS
temperature profiles indicate plasma tempierature at centerline
points in the measurement cross-section above those limits given
above. Similarly, the LDV measurements of velocity profile show
amean velocity level across the flow core region in the 900 to 1000
m/s range which is well below these limits.

The discrepancy between the MSU OATS measurements and the
results of this theoretical study provided a first indication in these
data analyses efforts that::
TOn® IFImw Ad Tib® MSTJ ©]p(I8®:®D IFHauuge
Is Sulbs<tmll®.
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Figure 10. Laser Beam Configuration For Folded BOXCARS
Phase Matching.

The measured temperatures and velocities that were extracted us-
ing MSU’s OATS laser diagnostics are more representative of
those levels indicated by the calculation in Figure 15 for the noz-
zle throat station. That is, at the sonic point, static temperature
around 2550K and flow velocity around 910 m/s were measured.
From this observation, it has been hypothesized by the MSU-
UTSI researchers that:

“the presence of the MSU optical flange at the exit of the
CFFF LMF aerodynamic duct (section 1) provides a flow re-
striction of such a magnitude that the flowfield in the duct up-
stream of the flange is driven subsonic. The action being
observed is a shift in the location of the flowfield choke point
from the geometric nozzle throat to the location of the Opti-
cal Flange.”

The possibility that this type of action could occur was first
speculated upon by UTSI in the early stages of this collabo-
rative research - when the Optical Flange was designed and
installed in the LMF test train. Moreover, it was noted then
that the slight loft discontinuity due to the flange installation
between first two aerodynamic duct sections, in conjunction
with, the requirement for mass injection at the flange (a con-
tinuous N2 purge supply to the optical port window to main-
tain visibility) - presented a situation wherein a shift in the
choke point of the flow was a possibility. This shift being
brought about by the combined actions of loft compression at
the flange, mass injection at the flange, plus, enhanced fric-
tional (Fanno) and heat transfer (Rayleigh) effects.

UTSI FLOW FIELD SIMULATIONS

Multidimensional modeling of the CFFF LMF gas dynamics
and heat transfer through the first section of the aerodynamic
duct was concluded by UTSI as part of this collaborative re-
search. These studies addressed design point operation of the
LMF upstream test train which is simulation of its normal
personic operation.

The objective of these flow field studies was to provide simulations
which could be used in comparison to the MSU experimental data.

The modeling was directed at producing predictions of the gas dy-
namics and thermodynamic properties of the flow as would exist at
the entrance location of the MSU Optical Access Port for design
operation of the LMF test train at western coal POC conditions. In
addition, the multidimensional modeling approach was selected to
produce theoretical profile shapes of these variables which could be
compared to the measured spatial distributions of the MSU experi-
mental data.

MODELING METHOD

The principal numerical technique used in the UTSI modeling

was the VNAP2 computer code.18 This code is widely recognized
in the computational fluid dynamics (CFD) field. It has been mod-
ified for use at UTSI in the past to address a variety of internal
flow problems, including, flow field transients, nozzle and duct
design problems, and (with considerable work to incorporate
MHD terms and processes) MHD generator studies and MHD

transients. '

VNAP?2 is a user oriented computer code that can be used in the
design and analysis of complex internal flows. It was set up in this
work to tailor it for application to the high Reynolds number, high
temperature coal combustion gas flow of the CFFF LMF up-
stream test train.

The VNAP2 solution technique solves in axisymmetric coordi-
nates the two dimensional, time-dependent, Navier-Stokes and
energy equations. Turbulence can be modeled with either a mix-
ing-length, a one transport equation, or a two transport equation
model.

Features of the VNAP2 numerical scheme that are used to solve
the governing finite difference equations include a nonequal-
spaced grid system with transformation of the physical geometry
into a rectangular computational plane.

Interior grid points are computed using the explicit MacCormack
scheme with special procedures implemented to speed up the cal-
culation in the fine grid.

VNAP2 can address internal or external flows through definition
of boundary values. For internal flows, subsonic or supersonic
flow across the inflow and outflow boundary can be imposed
which facilitates calculations through a supersonic nozzle or a
separated flowfield. VNAP2 employs an explicit artificial viscos-
ity to stabilize calculations. The code is capable of treating

4730 4733 4740 4743 4730 4735
Mav«l«ngth (A)

Figure 11. CARS Spectrum Recorded At The Aerodynamic
Duct During The LMF5-G Test Run. P=0.25", Tn, = 2556 K

The Lower Curve Is The Difference Between
The Calculated And Observed Spectrum.
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through mixed flow regimes (across the sonic point), separated
flows and flow across jump conditions (e.g., shock waves).

For more detail and background on the VNAP2 computer code
and its modeling methods, referral is made to the references 18
and 19 of the bibliography

COMPUTATIONAL SET-UP

For the calculations presented herein, the combustion gas was
treated as a perfect gas with transport properties defined from
NASA SP-273 calculations for the coal combustion gas mixture.
The ratio of specific heats (7 ), gas constant (R), and Prandtl num-
ber (Pr) were defined for the mixture. The stagnation and the stat-
ic conditions at the inlet were defined according to isentropic
relations.

The total length of the LMF upstream test train analyzed in this
study was 104 cm (41 in.). This length extends from inside the
combustion chamber (23 cm upstream of the nozzle throat)
through the nozzle and to the exit plane of the first aerodynamic
duct section (inlet to MSU Optical Flange).

Since the cross section of the CFFF LMF upstream test train is cir-
cular, symmetry of the flow field was assumed. Consequently,
calculation over one-half of the cross-sectional plane was re-
quired in modeling with symmetry defined along the centerline.
The non-uniform mesh configuration that was used consisted of
81 x 41 grid nodes in the axial and radial directions, respectively.

In-flow boundary condition imposed on the calculation was that
of subsonic flow with specification of total pressure (P0) of 4.51
atm, total temperature (T0) of 2800K and the distribution of flow

direction. These stagnation values are consistent with western
coal POC stagnation conditions in the CFFF LMF combustor as
noted previously.

The outflow of the computational volume was defined for super-
sonic flow with outflow boundary variables extrapolated. The
“no-slip” boundary condition on velocity was imposed along duct
walls. In addition, the walls were treated as constant temperature
(1800K) thereby simulating temperature and heat transfer repre-
sentative of molten slag coverage.

The two-equation turbulence model was used. (It is recognized
that this model is more representative of low Reynolds flow.) The
turbulence model defines a very fine computational node spacing
near the solid wall. The wall boundary conditions for the turbu-
lence model are that of vanishing of turbulence energy and spec-
ification of turbulence dissipation rate so that the normal gradient
of the dissipation rate is set equal to zero.

The pressure is actively calculated using the code’s basic method
of characteristic solution technique. The pressure prediction is re-
covered and corrected upon completion of each full iteration by
recomputing it from the equation of state. During the calculations
of each time step, the thermodynamic and molecular transport
properties that are required in definition of viscous effects and the
real gas equation of state are updated. These updates are derived
from the use of curve fits of NASA SP-273 thermochemical equi-
librium calculations for coal combustion gas.

MODELING RESULTS

The results of the VNAP2 calculations for supersonic operation of
the CFFF LMF upstream are provided in Figures 16 through 18.
These results show flow distributions typical to compressible, su-
personic flow through an axisymmetric duct.

Figure 16 presents the computed Mach number contours. These
contours define the flow field as it accelerates from the near stag-
nate conditions of the combustor, through the nozzle (passing
subsonic to supersonic through the nozzle throat sonic point), and
through the LMF aerodynamic duct. The sonic line is defined near

DOK/CTTf UKU m U IC DOCT CXJL3 SXZX

Figure 13. CARS Temperature Measurements
In The Central Region Of The Gas Stream.
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Figure 14. An Observed Cars Spectrum (Solid Curve) Which
Gives A Temperature Of2700 K With The Calculated
Spectrum (Large Dashed Curve). Included Is
The Calculated Spectrum At 2500 K.

the nozzle minimum area (throat) and depicts flow choking situa-
tion at design point operation.

Both the Mach number and pressure contours (Figure 17) exhibit
flat profiles across the core region of duct. Very thin boundary
layers form over the duct walls. From this point-of-view, the flow
is nearly one-dimensional over this length of the LMF aerody-
namic duct.

Some distortion in the contour plots is noticeable toward the exit
plane. This distortion shows up as a bulge near the centerline in
the downstream pressure contour and a similar, but lessnotice-
able, bump in the Mach number exit contours. This distortion is
not considered real. It represents the influence of the imposed out
flow boundary condition and the impressed centerline symmetry.

DATA COMPARISONS

Comparisons between the VNAP2 flow field modeling and the
MSU-DIAL experimental data are given in Figures 18. It is noted
that the data studies of the previous subsection along with review
of the MSU experimental data provided evidence that the flow
within the Optical Flange was subsonic. Consequently, the
VNAP2 calculations which were performed for design operation
of the LMF upstream (supersonic flow) can be expected to pro-
vide only additional insight to help explain the measured profiles.
The supersonic calculations are presented here to report on the
complete study of this research effort and they also provide a first
publication on multidimensional model simulation of the LMF
upstream aerodynamic duct..

Figure 18 gives a plot of the VNAP2 predicted velocity profile
across the exit plane of the supersonic aerodynamic duct. These
computations are compared to the MSU LDV velocity profile
measurements taken with the OATS at this location.

The shape of the predicted supersonic velocity profile is represen-
tative of the high Reynolds, highly turbulent flow. That is, Lhe
profile shape is flat over the core region and exhibits a thin bound-
ary layer along the duct walls. The experimental LDV data also
exhibits a very flat, turbulent type velocity profile shape across
the core of the flow field. At the same time, these data exhibit the
effect of the disturbance of the flow near the optical port. The

- Combustor
— - - — Nozzle Throat
— rm——— Nozzle Exit
MSU Flange
Heat Loss (POC Range)

gso coqdwe v v O m

50 100 150

Plasma Heat Loss (cal / gm)

Figure 15. Ideal Thermodynamic Expansion Process
for CFFF LMF Western Coal POC Operation—
Results of NASA SP-273 Calculations.
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Mach Number Contours
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0.096312

Figure 16. Simulations of the CFFF LMF Upstream Test Train Flowfield—Mach Number Contours
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Pressure Contours

(unit: kPa)
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226.938
204.625
182.313

Figure 17. Simulations of the CFFF LMF Upstream Test Train Flowfield—Static Pressure Contours
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Figure 18. Comparison Between MSU OATS Plasma Measurements (LDV Velocity Profile

and CARS Temperature Profile) to UTSI Computed Plasmadynamics for Supersonic
(Design Point) Operation of the CFFF LMF Upstream Test Train

measured velocity distribution decays rapidly on both sides of the
duct within about 2.54 cm (1.0 inch) of the cylindrical wall. This
decay is a manifestation of the optical flange, i.e.. a local flow dis-
turbance caused by the loft discontinuity (wall penetration) at the
port location.

The supersonic computed velocity profile is predicted at a much
higher velocity level than the experimental data implies. The
computed velocity is well above that measured with the LDV for
all spatially distributed points. The level of core velocity at the
nozzle throat as taken from the computed results is also provided
in Figure 4 for reference. It is noted that this level is more consis-
tent with the LDV measurements.

The comparative observations of the computed velocity to LDV
measurements arrived at above is indication that subsonic (low
actually exists through the upstream test train (from combustor to
the flange location) during actual LMFS testing. This hypothesis
is in direct agreement with the findings cited previously. The near
agreement between sonic velocity level and LDV measured ve-
locity level leads to the contention that the actual velocity in the
flange at the measurement location is very near sonic.

Figure 18 also provides comparisons between the supersonic tem-
perature profile at the end of the aerodynamic duct section to the
temperature data obtained using the CARS at the optical flange.
Here again, the temperature calculations give classical renditions
of supersonic, compressible turbulent flow; e.g., a flat profile
across the core—a temperature rise near the wall to adiabatic re-
covery—a rapid fall-off to the wall temperature value across the
near wall thermal boundary layer.

The temperature data given in Figure 18 were selected from the
full spatially distributed CARS data set. These data points are the
central most measurements. The large error bounds specified by
MSU for these data are included (+ 200K). Within the error
bounds, the data infer that a flat temperature profile shape exists
across the core. The mean level of temperature as indicated by
these data is around 2700K +200K.

The level of temperature consistent with the sonic line that was
computed across the core of the flow at the nozzle throat is shown
in Figure 18 for comparison. This level (approximately 2600K) is
closer in agreement to the CARS temperature measurements.
However, even the sonic static temperature core level is some-
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what lower. In reality one would anticipate that this would be
higher since it is subject to less heat loss.

The higher mean level of temperature that was measured by the
CARS when compared to the supersonic flow calculations imply
the actual existence of a lower speed flow in the LMF duct. Con-
sequently, the same conclusion can be roughly drawn from tem-
perature evaluations as was drawn for the velocity evaluations.
That is, these temperature data suggest that the actual flow field
through the flange was subsonic rather than supersonic.

It should be pointed out that for a subsonic flow at the optical port,
the pressure will be higher than expected for supersonic flow. All
of'the CARS data analysis reported here were carried out using a
library of computed spectra for a static pressure of 1.5 atm. (ex-
pected for a supersonic flow). Preliminary results indicate that the
derived CARS temperatures will decrease in the range of 50-100
Kas the pressure increases from 2-2.5 atm. Further analysis is un-
derway and will be subsequently reported.

SUMMARY AND CONCLUSIONS

The work reported in this paper summarizes the most recent re-
sults of a collaborative experimental and analytical research be-
tween MSU-DIAL and UTSI. This research was directed at
demonstrating the capability of extracting on-line measurements
of plasma properties in a coal-fired MHD system—in the regime
of the highly stressed MHD generator environment.

Major conclusions drawn from this research are provided in the
following briefs.

«It is believed by between MSU and UTSI research team that the
experimental data taken with the CFFF LMF Optical Access Sys-
tem (OATS) are good. The LDV velocity data that was taken are
considered to be exceptional; providing a clear, concise view of a
turbulent velocity profile across the circular duct as one would an-
ticipate. Similarly, the CARS temperature data are also reason-
ably good within the larger uncertainty of this type of
measurement in the environment of the duct.

* In order to improve the measurements by the CARS technique
in the aerodynamic duct, it is necessary to reduce the interference
effects, i.e., breakdown emission, and C2 absorption. To avoid
these interferences the pump and Stokes laser frequency need to
be carefully selected to generate the N2 CARS in a spectral region

that is free from those laser induced transitions. This can be ac-
complished by selected an alternate pump laser e.g., an excimer
laser.

* One key result drawn from this collaborative research (through
its data interpretation, the modeling efforts, and through hands-on
experimentation) is the indication that subsonic flow exists
through the first acrodynamic duct section of the LMF CFFF up-
stream due to the influence of the Optical Access Port. The levels
of temperature and velocity measured at the port are strong indi-
cations that the flow field is choked at this location.

* The multidimensional modeling used in this research represents
the first such calculation that has been attempted at UTSI to sim-
ulate the mixed flowfield of the upstream CFFF LMF test train.
This calculation extended along the length of the test train from
near stagnation conditions within the combustion chamber,
through the supersonic nozzle, and through the first section of the
LMF aerodynamic duct.

* Finally, it is recognized by the authors and their respective orga-
nizations that the collaborative research between MSU and UTSI

has been a resounding success. This research set out in 1992 to
demonstrate to the scientific community that on-line optical mea-
surements of an MHD coal-combustion plasma could be made in
the highly stressed, thermodynamic environment that is typical to
that existing in the coal-fired MHD generator.

The results presented in this paper and other recent publications
on this research effort exemplify that this objective has been met;
and, that optical diagnostics for coal-fired MHD are near being a
state-of-the-art technology. What remains to be done is to refine
and adapt the OATS and its laser techniques to the MHD coal-
fired power plant for monitor and control of plant processes.
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