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THERMODYNAMIC DATA FOR AIR PREHEATERS IN DIRECT COAL-FIRED
MAGNETOHYDRODYNAMIC POWER GENERATION SYSTEMS

by

F. E. Spencer, Jr., 1 and J. C. Hendrie, Jr.2

ABSTRCT

Calculated equilibrium data are presented for three phases in the flue
gas stream from a hypothetical open cycle MHD generator. A typical coal is
"burned" with 1.0 gram-mole Ka0 seed per kilogram coal and with lOl percent of
stoichiometric air. Tables of composition and the overt thermodynamic proper-
ties, enthalpy and entropy, are given for the temperatures 2200 (-100) 1100
kelvins, pressures 1.0 and 1.5 atmospheres, and slag rejection figures of 90
and 75 percent.

INTRODUCTION

A great economy could be realized in the implementation of magnetohydro-
dynamic (MH) generator systems operating with coal if successful regenerative

(or possible recuperative) air preheaters could be designed which would draw
heat directly from the flue stream of the MHD duct. The peculiar problems to
be faced in such systems include the high temperatures, the corrosive nature
of s lag and of condensed seed, rapid thermal cycling, possible abrasion, and
possible caking of the condensed material. As an aid to engineers working on
the preheater problem, equilibrium calculations for the pressures, tempera-
tures, and slag rejection figures of interest are presented.

ACKNOWLEDGMNT

The authors would like to thank Professor David Oliver of M. I. T. for
encouraging us to undertake these equilibrium calculations and for pointing
out their usefulness in the air preheater design area.

AGREEMENT BETWEEN EXPERIMENT AND CALCUIATIONS

Experimental work at the Bureau of Mines Pittsburgh Energy Research
Center and elsewhere has shown that slag droplets contain, under MHD-seeded
conditions, high concentrations of potassium silicates and aluminates. The
molecular form of the potassium in the liquid (or glassy) slag is not known,

i Ma thematic ian.
aChemical engineer.
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but one could easily imagine molecules approximating potassium metasilicate
and metaluminate in a solution of liquid silica, alumina, lime, and ferrous
oxide. The precise slag model assumed is that of an ideal solution of oxides
and mixed oxides as listed on each page of the tables in the appendix.

In addition to the seed loss previously mentioned, experiments at the
Bureau of Mines Pittsburgh Energy Research Center have shown two further
points of agreement with the present computer model: (l) The slag droplets
cool too rapidly for crystallization to occur--they freeze rather as a glass
and at temperatures above 1700 kelvins and (2) the stoichiometric agreement
between the equilibrium calculated slag composition and that obtained experi-
menta 1 ly has been good under certain condi tions. Reports on these points of
agreement are being prepared. From the above experimental evidence, it can be
concluded that the ideal solution model of mixed liquid oxides is useful even
at relatively low temperatures (LLOO kelvins) for prediction of slag
composi tion.

Experimental evidence further indicates tha t seed materia 1 condenses as a
solution of potassium sulfate and carbonate liquids at a lower temperature
than the freezing of the slag (glass) phase. The specific evidence is that
all the sulfates and carbonates are water extractable from the fly ash. How-
ever, unlike the slag phase, the carbonates and sulfates do have time to get
organized as crystals. The mathematical model used in this experiment was
structured to effect these known pieces of information.

CALCULA TraNS

The complete model consists of treating three phases at all temperatures:
gas ("IDEALGAS" on the listings), slag ("GLASS"), and condensed seed ("SULF.
AND CARB. "). Nonappearance of a phase at a given temperature is implied by
the appearance of zeros in the listing of that phase.

The data bank has been prepared for the condensed seed phase with equi-
librium constants for both liquid and crystal line K2 S04 and ~C03' The con-
stants have been zeroed as required above and be low the respec tive fusion tem-
peratures for the respective salts. A decision as to whether the condensed
seed is actually a liquid should be made by reference to an appropriate
liquidus curve diagram. This decision is not made by the program, but the
composition of the condensed seed phase should approximate reality.

All calculations have been made using the Pittsburgh Energy Research
Center's multiphase equilibrium program as reported by Spencer (~).3 Most of
the thermodynamic data comes from the JANAF tables (1) wi th exceptions for
species not tabulated by JANAF.

The exceptions are Ar (g), Al (OH)2 (g), Al02 - (g), CO2 - (g), SH- (g), SO- (g) ,
S02 - (g), A16 Si20i 3 (i), FeA1204 (i), KA102 (i) . The ancestry or precision of
non-JANAF thermodynamic data for the gaseous species, save Al (OH)2, is

3Underlined numbers in parentheses refer to items in the list of references

preceding the appendix.
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probably not relevant to air preheater design because the non-JANAF gaseous
species are all ions (which have low concentrations). In any case they will
be documented elsewhere.

Jensen and Jones (1) give equilibrium constants for the reaction
Al(g) + 2HaO(g) ~Al(OH)a(g) + 2H(g). From these equilibrium constants we
have deduced, using JANAF data for the other species involved, the equilibrium
constants of formation for Al(OH)2'

Low-temperature thermal data for the crystals AI. SiraOis, FeAlra04, and
KA10s are available: for the mullite, JANAF tables; for the two aluminates,
Lowell, Schwitzgebel, and Parsons (1). Heats of fusion, fusion temperature,
and liquid heat capacities were estimated by analogy with other related spe-
cies tabula ted in the JANAF data.

The coa 1 trea ted

Freeport seam (hvBb).
weight-percent:

in the tabulations has an average analysis for the Upper
The ultimate and ash analyses are as follows, in

C. . .. .. .. .. . . 73.92 SiOra. ... .. .. . 47.32
H........... . 4.78 AlaOs' . . . . . . . 27.74
N........... . 1. 28 FesOs' . . . . . . . 18.26
0........... . 4.22 K: 0. . . . . . . . . . 2.41
S. . . . .. .. . . .. 2.21 NasO........ . .27
Cl. . . . .. .. . . . .15 CaO......... . 1. 75
Ash......... . 13.44 Other1 . . . . . . . 2.25

TotaL. . . . . 100. 00 TotaL. . . . . 100. 00

1 Includes TiOa, MgO, BaOs' Va05, Pa05, etc.

In addition, 101 percent of stoichiometric air and 1 gram-mole KaO/kg
coal was added (0.715 weight-percent of entire mixture is potassium atoms).
The elements B, V, P, Ti, Mg, and others are ignored in the computations.

To approximate slag rejection figures of 90 and 75 percent, only 10 per-
cent and 25 percent, respectively, of the aluminum, calcium, iron, and silicon
from the ash analysis was fed to the program. The stoichiometry for the
entire mixture in these hypothetical flue streams can be read off the top of
any of the listings in the appendix.

Several of the Appalachian seams have analyses that approximate those
assumed here (Pittsburgh seam, Upper, Middle, and Lower Kittanning, etc.).
Since the Appalachian seams represent a large part of the available high-Btu
coal reserves, these calculations should be broadly useful. Of course, more
precise calculations can be made with the precise coal analyses for coals used
in experiments, or, if necessary, in pilot plants.



4

REFERENCES

1. Jensen, D. C., and G. A. Jones. Flame Photometric Determination of the
Standard Enthalpies of Formation of Al (OH)a and AlD. Trans. Faraday
Soc., v. 68, 1972, pp. 259-268.

2. Lowell, P. S., K. Schwitzgebel, and T. B. Parsons. Sulfur Oxide Removal
Processes Based on Dry Metal Oxides--A Compilation of Pertinent Thermo-
dynamic Data. 65th Nat. Meeting A.l.Ch.E., paper 76, May 1969, pp. 2,
5, 16, 23-24.

3. Prophet, H., and D. R. Stull. JANAF Thermochemical Tables. Dow Chemical
Co., Mid land, Mich., i 960-73, unpaged.

4. Spencer, F. E., Jr., and A. A. Orning. An Algorithm for Calculating Multi-
phase Chemical Equilibrium. BuMines RI 7786, 1973.



5

APPENDIX. --TABULATION OF COMPUTED EQUILIBRIUM COMPOSITIONS

A few explanations will clarify the use of the tabulated data, which are
photographic reproductions of computer output pages.

The stoichiometry is specified to the program as certain numbers of gram-
moles of reference state gases including COa (g), AlOa (g), SiOa (g). Each sheet
of computer output contains, at the top, a table, "stoichiometry (g mol) for
case identified as D. Oliver," which gives this specified stoichiometry. One
should not confuse these stoichiometric specifications with the equilibrium
quantities of the same species, which are listed as "equilibrium molar
quantities"--the second major division on each page.

The third major division of each listing is "molar fractions within
phases." One should note that, for example, a molar fraction 0.1277 Ala03 (f,)
means that 0.1277 of the slag phase is liquid alumina--not O.L277 of the whole
mixture.

The fourth major division gives overt chemical and thermodynamic proper-
ties for the three phases considered and for the total mixture. The heat
capacity is for frozen composition and the adiabatic expansion coefficient and
sonic speeds are for the gas phase, assuming frozen composition. Densities
calculated for condensed materials are only approximate, and should be viewed
as maximum densities since our program does not make adjustment for thermal
expansion of condensed materials--such data are hard to obtain.

The fifth division on each listing is a compilation of electrical proper-
ties for the gas phase. These are of no concern in the air prehea ter design
area.
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