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Abstract

In response to concern over the negative
effect of phosphorus oxide negative ions on
coal-fired MHD plasma conductivity, results are
presented of predictive modeling of several com-
bustion gas systems in which measurements of
potassium and phosphorus species concentrations
were measured. Modeling is done with a number
of sets of thermodynamic parameters for these
species, with the aim of showing that all
observations can be simultaneously predicted
and are therefore consistent with each other.
Those models are then applied to generator
performance prediction. Among the conclusions
are that phosphorus oxide negative ions may have
less effect on MHD plasma conductivity and gener-
ator performance then previously predicted, that
this is probably due to stable neutral potassium
phosphate species, and that the necessary thermo-
chemical parameters for some molecules are still
not adequately specified.

I. Introduction

Accurate prediction of the plasma conduc-
tivity in open-cycle coal-fired MHD generators
has been known for some time to depend on the
thermochemical parameters for a number of ash-
derived molecular species.! The requirement
for these thermochemical properties, many of
which are quite uncertain, has led to studies
which have recently Zielded new information on
phosphorus species. 5354 The phosphorus system
is of particular interest because its negative
ions have been predicted to the the most im-
portant in MHD systems, especially at the cool
end of the channel.

s

Experimental investigations are continuing,
and the state of knowledge for a number of
phosphorus species is still not satisfactory.
However, thermochemical modeling to assess the
implications of existing data and their un-
certainties is always useful, if only to show
which thermochemical parameters require further
study. For this particular system, it is es-
pecially interesting to see if all observations
made under varying conditions can be modeled with
the same set of thermochemical parameters, since
initially the observations had been interpreted
to yield conflicting values.

To begin, it is appropriate to review the
history of phosphorus species modeling in MHD
systems. The first observation which was in-
corporated into modeling of plasma chemistry was
that by Miller of the electron affinity of POj.
The P03 ion was later added to our modeling, with
the heat of formulation set by the ratio of P07
and P03 concentrations determined by our mass
spectrometric observations of combustion gases
from a laboratory-scale seeded methane burner,
as reported in Reference 4. The predicted effect
of both phosphorus oxide ions was to cause
substantial reductions in conductivity upon the
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addition of phosphorus to an MHD plasma. Recent-
ly, Annen and co-workers performed just such
phosphorus addition experiments in an ethanol-
fueled laboratory scale MHD channel.3 They
concluded that phosphorus addition produced a
much less severe decrease in conductivity than
was predicted by modeling using only oxides

as major phosphorus species. They interpreted
these observations in terms of lower electron
affinities for the phosphorus oxide species, in
conflict with the observations of References 2
and 4.

It is a major goal of this paper to show
that those observations can also be modeled by
retaining large phosphorus oxide electron
affinities and including stable potassium phos-
phate molecules in the species considered.
Although it is not surprising that molecules with
large electron affinities such as POy and P03
should form stable alkali compounds, our con-
sideration of such species only began at the
suggestion of J.W. Hastie of the National Bureau
of Standards (NBS), based on his studies of the
lithium and sodium analogs.5 Subsequently,
Hastie provided us with thermochemical models
for both KPOp and KPO3 gas-phase molecules,6
with estimated heats of formation based both on
an earlier observation in each case,’»° and on
analogy to measurements of the sodium species by
both the NBS group5 and by the authors of Refer-
ences 7 and 8.

Meanwhile, our laboratory burner measure-
ments had been extended to neutral mass spectro-
metric observations of combustion gases seeded
with equal amounts of potassium and phosphorus
which showed roughly equal peak heights for KPOjp,
KPO,, and KCH under similar conditions to the
earlier ion measurements. These observations
were reported in Reference 9, along with studies
of combustion gases seeded with phosphorus alone.
In these latter systems, both References 5 and 9
show PO and HPO; as the major species, with
Reference 9 also identifying HPO3 as an important
constituent. However, in MHD systems these
molecules are of minor importance in comparison
to the potassium phosphates, and will not be
discussed further here.

We now proceed to assess the adequacy of the
present knowledge of P03, POE, KP0Oy, and KPOj,
first by examining the ability of various sets of
choices of molecular stabilities to predict all
the observations detailed above, and then by
calculating theoretical MHD channel performance
for several of these sets of assumed thermody-
namic parameters. It will be shown that the
effect on predicted performance is quite sub-
stantial, and that although not all observations
can be fit without allowing for fairly large
error limits, the present observations set con-
straints on the thermochemistry of the potassium-
phosphorus system. These calculations also es-
tablish that previous laboratory studies?,3,4
are not in conflict to the extent assumed in
previous analyses.
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II. Thermodynamic Data Sets and Observations

We begin by comparing the agreement between
the observations of References 2, 3, and 4 and
model calculations using the set of heats of
formation listed in the first column of Table 1.
This data set A is one of a large number of
arbitrary sets whose values lie within error
bounds of those recommended in either Reference
5 or 8, and which show acceptable agreement with
the observations of both Miller? and Annen’ as
well as our own. ? Comparison with data from
Miller's flames is given both in Figures 1 and 2
and in Table 2, which also contains comparisons
with Annen's and our own mass spectrometric data.

It can be seen that there is a systematic
trend in the comparison between model predictions
and the data from the four flames. The predicted
ratios of negative ion and electron concentra-
tions are much above the observation in the
lowest temperature flame, while they are below
the observation at the highest temperature.

This systematic difference will be encountered
by all postulated data sets, so that agreement
can only be attained at one point. Although the
cause of the trend is not known, it has been
suggested that the largest uncertainties arise
in the measurement of positive ion concentra-
tions at low temperatures, and that the values
obtained using the 2250K flame have been the
most reliable, based on agreement of its results
with other studies. However, the possibility
that a remaining problem in the modeling (such as
yet another missing species or a substantially
different structure and resulting temperature
dependence) is actually indicated cannot be
ruled out. In any case, Miller removed the data
from the lowest temperature flame from the de-
termination of a P07 heat of formation, and we
will also only compare with the other three. It
can also be mentioned here that his grounds for
disregarding the low temperature data included
the upward curvature in the N_/N, plot, and that
an upward curvature is also seen in the pre-
dictions.

With the Set A values, agreement with the
Miller data is best at high temperatures, and
also clearly quite good with all the Annen
observations. (It should be pointed out that the
model always predicts no-phosphorus electron
concentrations quite well.) PO3.to PO; ratios
of between 10 and 100 were observed in the work
reported in Reference 4, presumably varying with
changes in burner stoichiometry. Stoichiometry
was at that time not as well known as is desir-
able. Therefore, the predicted ratio for nominal
conditions constitutes quite acceptable agree-
ment. Whether the KOH/KPOy ratios correspond to
the observation of similar mass spectrum peak
heights depends on the degree of dissociative
ionization which is assumed for each species.
KOH has been observed to be relatively stable
through mass spectrometric sampling,® and the
high degree of cracking observed in molecules
like KCl may suggest similar behavior for highly
ionic KPO, species, leaving agreement between

prediction and observation at least a possibility.

Heat of formation set B in Table 1 is that
suggested by Hastie. The recommended value
for KPO, indicates a slightly more stable mole-
cule than did the only direct experiment, the
(unspecified) measurement reported in Reference 7
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That for KPO3, on the other hand, corresponds to
a slightly more stable compound than that implied
by the single measurement of Reference 8. The
molecular structure for both species was also
estimated by Hastie, based on spectroscopic
studies by I. Beattie, and the resulting entro-
pies and heat capacities are used in all modeling
reported here. (A good discussion of the knowl-
edge of the structure of P05 is contained in
Reference 10, and thils information is incorpo-
rated into the present modeling.) The same
comparisons with observation, in Table 3, now
show that the KPO3 model is so stable that very
little effect would have been seen by Annen upon
addition of even large amounts of phosphorus,
while the KPO; models still allow too many
negative ions under Miller's conditions. The
large ratio of KP0O3 to KPOp is not necessarily
in conflict with our observation of similar mass
spectrum peak heights, since KPOy could result
simply from cracking of KPO3 in the electron
impact ionizer.

Hastie assigns uncertainties of *10 kecal/
mole to both the KPOy and KPO3 heats of forma-
tion, while Miller quoted #0.3 eV (*6 kcal/mole)
limits for PO7, and error limits for P03 are
larger still. As will become clear as more
cases are considered, there are two ways to
improve agreement with Annen's data - in this
case either lowering the neutral stabilities or
raising those of the ions. Modified parameter
sets C and D in Table 1 give examples of each
option, with Set C decreasing the stability of
KPOy by slightly more than the estimated error
bounds, and Set D increasing the P0; stability
by the 6 kcal/mole error limit (as will be
explained below, this does not, however, neces-
sarily bring PO; to its limiting stability.)

The results of model predictions using
these two sets of values are given in Tables 4
and 5. It can be seen that Set C still shows
too little effect upon phosphorus addition with
respect to both Annen and high temperature
Miller data. Although only a slight further
reduction in KPO3 stability would result in
good agreement with Annen, only a stronger POj
would improve agreement with Miller. On the
other hand, Set D shows slightly too many pre-
dicted negative ions in comparison to the Miller
2250K flame data, while still not showing enough
in the Annen systems. At this point it must be
mentioned that one reanalysis of Miller's ex-
periments using the final value of the HPOy heat
of formation chosen by Hastie® would result in
a P03 heat of formation which is more stable by
8 kcal/mole. Therefore, even the -152 kcal/mole
value (4 eV electron affinity) is not necessar-
ily too high. It also should be pointed out
here that the much higher equivalence ratios
(1.7 to 2.0) used by Miller (versus 0.9 used by
Annen) favor P07 and KPO, over P03 and KPOj.
Thus one way to obtain better agreement is seen
to be an increase in KPO, stability (temporarily
lowering the negative ions predicted in Miller's
systems) coupled with either a further increase
in PO stability or a further decrease in KPO,
stability (thereby raising all predicted nega-
tive ion levels).

One set of heats of formation which does
move in this direction is that denoted by Set E
in Table 1, which is that suggested in Refer-
ence 9. As detailed there, the KPO, and KPOj
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values are chosen entirely by analogy to other
compounds. The comparisons in Table 6 show that
this set results in the prediction of too many
negative ions under Anmen's conditions, too few
in Miller's high temperature flames, and too many
at low temperatures. It turns out that one way
to improve agreement with both Annen and the
Miller high temperature data is to increase the
stability of all four species, but to make larger
increases in the stability of the neutral species.
Changes in this direction resulted in the other-
wise arbitrary values of Set A, whose good agree-
ment with both sets of data has already been
demonstrated.

A final point to be investigated is raised
by the observation that Annen's experiment did
not provide direct information about phosphorus
negative ion stabilities, but only on the rela-
tive stabilities of the ions and the potassium
phosphate neutrals. It is of interest to lower
all stabilities by an equal amount, and see if
the result of the competition is the same.
Therefore, in Set F of Table 1, all the Set A
heats of formation have been reduced by 15 kcal/
mole. The comparisons in Table 7 show that
agreement with Annen's observations remains quite
satisfactory. However, comparison to Miller's
observations shows the P07 stability to be much
too low. Considering that it was designed to
produce data on the PO; ion, it is not surprising
that Miller's experiment should be quite sensi-
tive to its heat of formation. What is worthy
of note is that Annen's experimental conditions
are such that his measurements were not sensi-
tive to negative ion heats of formation, but
only to the relative stabilities of POy and
KPO, species.

I1I.Predictions of Theoretical MHD
Channel Performance

Annen's experimental conditions have the
virtue that they are closer (especially in terms
of stoichiometry and seed loading) to conditions
in an MHD channel than were Miller's. However,
there remains a gap to be bridged using predic-
tive modeling, since, for instance, even higher
temperatures than those investigated by Annen
are encountered in a real channel. As another
consideration, MHD combustors are typically
operated slightly fuel rich (to minimize NO
concentrations), while Annen ran under slightly
lean conditions, intending to promote PO; for-
mation. Therefore, in this section we present
results of MHD channel performance calculations
for parameter sets A, C, and E, as well as for
set E with KPOj and KPOj omitted from consider-
ation, which corresponds to the system used in
our more recent previous modeling studies.} The
inputs to the generator model are those for the
20% oxygen enriched case used in those earlier
studies,l»1l which is similar to the ETF design
in many respects, but contains some features
leading to shorter channels (and shorter
computation times) for a desired fractional
enthalpy extraction. These inputs are displayed
in Table 8, and more discussion can be found in
References 1 and 11.

To give an idea of the temperature range
involved, Figure 3 shows the temperature history
for the nominal generator and the phosphorus
thermedynamic input data set A in Table 1. As
will be seen, this set gives the highest plasma
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conductivity and largest enthalpy extraction of
the parametric cases considered here, and there-
fore the other temperature drops in the same
channel length are smaller.

The fact that more efficient (due to higher
conductivity, for example) generators extract
energy in shorter channel lengths, leading to
lower downstream temperatures (and eventually
lower conductivity), must be kept in mind in
considering Figure 4, which presents conductivity
histories for all four parametric calculations.
As mentioned before, Set A with very stable values
for both KPOy and KPO3 has the highest initial
conductivity, but by the above comment the conduc-
tivity curve eventually drops below the others
due to the larger temperature drop. Set E, with
less stable KPO, species, results in a lower
conductivity except at the low temperature end.
Set C, which also agrees well with Annen's
observations in the 2200 - 2400K range, is seen
to have a yet lower initial conductivity. This
is because Set C depends on a very stable KPOj
alone to reduce the phosphorus negative ion
concentrations, and KPO3 is less stable at higher
temperatures than the KPOj which contributes to
the chemistry in the other two sets. Finally, by
far the lowest conductivity is predicted by using
Set E but omitting KPO, and KPO5 from consider-
ation. This corresponds to the thermodynamic set
used in earlier parametric studies.l,ll

Finally, Figure 5 shows how these differences
in conductivity are translated into fractional
enthalpy extraction predictions. As expected,
that based on Set A is the most efficient gener-
ator. However, by the downstream end of the
channel Set C is doing a bit better than Set E,
because at lower temperatures the benefits of
increased KPOj in Set C more than offset those
of increased KPO; at the high temperature end for
Set E. Ignoring the existence of KPO, molecules
while retaining POy ions is seen to give very
significantly lower performance.

Figures 6 through 9 show, for each case, the
concentrations of the various species which con-~
tribute to the conductivity prediction. As yet
a further speculation, a stable KFe0Oj gas phase
molecule was included, but it turns out that it
has little effect on the Fe07 concentration, as
the major iron species are quite stable liquid
phases.

IV. Conclusions

The lessons of this study are threefold.
First, the observations by Annen of small effects
of added phosphorus in heavily potassium-seeded
plasmas are by no means inconsistent with even a
higher electron affinity for POy than that
determined by Miller under low potassium, fuel-
rich conditions. On the contrary, there is a
body of evidence for the existence of stable
potassium phosphate species which allow both
observations to co-exist. Second, the existence
of these potassium phosphate species means that
predicted plasma conductivities and efficiencies
for coal-fired open-cycle MHD generators should
be substantially larger than would have been
obtained with the thermodynamic inputs used
to date. TFinally, it was seen that the observa-
tions discussed here do not unambiguously define
all of the key molecular properties, although they
do provide constraints. Therefore, significantly
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different performances may be predicted using
equally justifiable sets of parameters, and more
experimental work is indicated to better define
the properties of both the ions and neutrals.

Finally, uncertainties in negative ion
formation effects on coal combustion plasma con-
ductivity is not limited to phosphorus. Serious
gaps in our knowledge of thermochemical parameters
for iron and aluminum oxide species also limit
our current predictive capability.1
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TaBte 1 -~ HEAT OF FORMATION DATA SETS FOR KEY
PHOSPHORUS SPECIES (KcAL/MOLE)

A B c D E F

KPO, -150  -113 -113 -113  -135  -135

KPO3 -200 -217.5 -205 -215 -195  -185

-150  -146 -l46  -152  -146

Po- -135
2

=215 -211 =211 -211  -211  -200

P~
3

TaBLE 2. COMPARISONS BETWEEN PHOSPHORUS [ON OBSERVATIONS AND

PREDICTIONS USING HEAT OF FORMATION SET A

ANN§N3
NZ/UZ = 1.4, 2274°%K

Mxngwl
Ho/No/0) = 47471, 2020°K

Mote FracTron P(1075) 3.2 31  MaLe Fractron P(1076) 2.0 8.0
Osserven N (101343) 1.46 0.82 Dnserven NINg 0.5 2.0
PreDICTED W (1019473) 1.35 0.81 Preprcren w./n, 1.07 5.4

NZ/OZ = 1.0, 2388°K Ho/No/0,y = 3.5/3/1, 2250°K

MoTe FracTion P(1075) 3.8 30  More FracTiow P(10°6) 2.0 R.0
Osserved N (1019473) 3.2 2.19 Osserven NN 0.3 1.25
PreDICTED NE(1019M‘3) 3.1 2.02 PrepicTeD No/Ng 0.4 1.8

1800°K, ¢=1.0 Bugner Moperjna2.f
PO3/P03 = 18/1

Ho/Ng/0g = 3.4/2/1, 2475°K

MoLe FracTion P(1076) 2.0 8.0

KPO,/KPOz/KOH = 1/1/0.015 OBservED N_/Ng 0.15 0.55

PreDIcTEN NN 0.09 0.30

TaBLE 3. COMPARISONS BETWEEN PHOSPHORUS 10N OBSERVATIOMS AND

PREDICTIONS USING HEAT OF FORMATION SET B
ANNEu3
N2/02 = 1.4, 2274°K

Muceel
HZ/MZ/UZ = 4/4/71, 2020°K

MoLe FracTion P(1075) 3.2 31  MoLe FracTron P(1076) 2.0 8.0
Osserven N (1019w73) 1.46 0.82 Osserven N_/n 0.5 2.0
Preptcren ne(1019~3) 1.52 1.48 Prentcren n_/ng 2.1 31

NZ/DZ = 1.0, 2388°K Ho/la/0,y = 3.5/3/1, 2250°K

MoLe FracTion P(1075) 3.8 30  MoLe Fraction P(1076) 2.0 8.0
NBSERVED NE(lOIQH'3) 3.2 2.19 Orserven N_/Ng 0.3 1.25
PREDICTED NE(1019H_3) 3.33 3.15 PRenicTED No/Ng 0.686 2.7

°K,$=].0 Bumner Ma 2,8

Ho/Ng/0y = 3.872/1, 2475°K

PO3/P0; = 14/1 MoLe Fraction P(1076) 2.0 8.0

KPO,/KPO3/KOH = 3x1077/1/

08SERVED n_/uE
1.0x10-3

n.15 0.55

0.20 0.76

PREDICTED N_/N_
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TasLe 4. COMPARISONS BETWEEN PHOSPHORUS [ON OBSERVATIONS AND
PREDICTIONS USING HEAT OF FORMATION SET C

Annen3
Ng/Op = L4, 2074%K
oLe FracTion P(1075) 3.2 31
0BSERVED NE(lolqn‘3) 1.46 0.82

PREDICTED NE(1019M‘3) 1.33 1.03

Np/0p = 1.0, 2388%
MoLe Fractron P(1075) 3.8 30
Naserven n, (101973) 3.2 2.19

PreprcTen n (1019w73) 3.17 2.24

00°K,$=1.0 Busner M nal.8
PO3/P03 = 14/1

KPO,/KPO3/KOH = 1x1075/1/
§x10°3

Hroepl
Ho/Mo/0y = 47871, 2020°K

MoLe FracTion P(1076) 2.0 8.0

OBSERVED N_/N 0.5 2.0

PreDICTED NN 0.81 3.2

Bo/Na/0, = 3.5/3/1, 2250°K

MoLe FracTron P(10°6) 2.0 8.0

NBSERVED No/Ng n.3 1.25

PrenrcTED NL/Ng 0.21 0.80

Ho/No/0p = 3.4/2/1, 2475°%K

MoLe Fraction P(10°6) 2.0 8.0

0BSERVED N_/N_ n.15 0.55

TaLe 7. COMPARISONS BETWEEN PHOSPHORIS [ON OBSERVATIONS AND
PREDICTIONS USING HEAT OF FORMATION SET F

PREDICTED N_/N, 0.06 0.15

TaBLE 5. COMPARISONS BETWEEN PHOSPHORUS TON OBSERVATIONS AND
PREDICTIONS USING HEAT OF FORMATION SET D

Anngn3 Miueerl
NZ/OZ = 1.4, 2274°K Ho/No/0y = 4/4/71, 2020°K
MoLe Fraction P(1075) 3.2 31  MoLe FracTiow P(1076) 2.0 &.0

Osserved n(101973) 1.46 0.82 Omserven NNy 0.5 2.0

Preptcren N (101943) 1.36 0.83 Previcren NN 0.06 0.21

NZ/OZ = 1.0, 2388°K Ho/No/0y = 3.5/3/1, 2250°K

MoTe Fraction P(1075) 3.8 30 Mo FracTion P(1076) 2.0 8.0

Osserven n (101%~3) 3.2 2.1 Omserven a_/n, 0.3 1.25

Prepicren N (1019n73) 3.14 2.12 Prentcren N_/Ng 0.03 0.08

1800°K, ¢=1.0 Rurner Mopel jng2.8 Ho/No/0y = 3.4/2/1, 2475°K

PO3/PO; = 1R MoLe FracTion P(1076) 2.0 8.0
KPQo/KPOz/KOH = 1/1/0.13 ORSERVED N_/Ng 0.15 0.55

PrenicTen No/Ng 0.03 0.04

TABLE 8. BASELINE COMBUSTOR/GENERATOR PROPERTIES

AnnenS
NZ/DZ = 1.4, 2274°K
MoLg FracTron P(10°5) 3.2 31
Omserven N (1019473 1.46 0.82

PrenicTen N (1019473) 1.50 1.16

Ng/0p = 1.0, 2388
Mote FracTron P(1075) 3.8 30
0BSERVED NE(IUIQM'S) 3.2 2.19

Preprcten ng (1019w=3) 3.30 2.90
1800°K  o=1. 2,8
PO3/P03 = 14/1

KPO,/KPO3/KOK = 2x1075/1/
4x10~3

. Mgl
Hy/Ny/0p = 4/4/1, 2020°K

Mot Fraction P(10-6) 2.0 8.0

0BSERVED NN 0.5 2.0

PREDICTED N_/Ng 7.35 12.8

Ho/No/0, = 3.5/371, 2250°K

MoLe FracTion P(10°6) 2.0 8.0

OBSERVED N./Ng 0.3 1.25

PREDICTED N_/N, 0.69 2.80

Ho/No/0, = 3.4/2/1, 2475°K

MoLe Fraction P(1076) 2.0 8.0
OBSERVED N./N. 0.15 0.55

PREDICTED N_/Ng 0.13 0.44

TaBLE 6. COMPARISONS BETWEEN PHOSPHORUS ION OBSERVATIONS AND
PREDICTIONS USING HEAT OF FORMATION SET E

CoaL: MonTaNa Rosesub SussiTuMiNoOus
OXI1DIZER: Atr WITH 20T BY VOLUME DZ ENRICHMENT

(N2 0.618 MAss FRACTION, 05 0.371
MASS FRACTION), PREHEATED To 866°K

SEED: DrY K4CO3, 1Z BY WEIGHT OF TOTAL FLOW
CoMmBUSTOR STorcHiomeTrRic 0492
Ratro (0/F)
ComBusTOR PRESSURE: 4.5 ATH.
F1rsT STAGE ComBusTOR 2838°K
EMPERATURE:

Stae Revection Fraction ~ 0.85
(AT FIRST STAGE)

SEcoND STAGE COMBUSTOR 2807°K
TEMPERATURE (AFTER SEED

ADDITION)
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Figure 1. Comparison of observed (solid lines)2
and predicted (dashed lines) ratios
of negative ions to electrons in
Hp/09/Ny flames at 2250 and 2475 K.
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Comparison of Observed (solid lines)2
and Predicted (dashed lines) Ratios
of Negative Ions to Electrons in
H2/02/N2 Flames at 1815 and 2020 K.
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Figure 3. Temperature History Down Channel of
Nominal MHD Generator Using Phosphorus
Thermodynamic Parameter Set A.
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Figure 4. Conductivity Down Channel for Four

Different Phosphorus Thermodynamic
Parameter Sets.
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Phosphorus Thermodynamic Parameter E
but omitting KPOy and KPO3.
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