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SUMMARY 

Results are presented for recent analytical and experimental studies 
of the role of K2S ln MHD hot stream seed recovery. The eXlsting thermo
dynamic data base was found to contain large uncertainties and to be 
nonexistent for vapor phase K2S. Knudsen cell mass spectrometrlc experi
ments were undertaken to determine the vapor species in equilibrium 
with K2S(c). K atoms and S2 molecules were found to be the maJor vapor 
phase species in vacuum, accountlng for greater than 99% of the vapor 
phase. Combustlon gas deposltion studies using No. 2 diesel fuel were 
also undertaken and revealed that condensed phase K2S03 may potentially 
be an lmportant compound in the MHD stream at near-stoichiometrlc 
combustion. 
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INTRODUCTION 

One of the concepts that has emerged for open-cycle MHO des1gn 1S 
the use of the seed compound, potass1um carbonate (K2C03), to remove 
fuel-derived sulfur from the combust1on stream by forming potassium 
sulfate (K2S04). This process of sulfate format1on 1S followed by 
some sort of hot stream seed recovery 1n Wh1Ch the K2S04 1S removed 
from the hot stream and reprocessed in an external chemical plant that 
not only yields the K2C03 back aga1n, but also converts the or1g1nal 
fuel sulfur into an econoffilcally viable form such as elemental sulfur 
or sulfur1c aC1d. 

The best reprocessing scheme to employ on the K2S04 1S not clear 
at th1S t1me because there are deficienc1es 1n the chemistry and thermo
dynaffilc data available on many compounds 1n the potass1um-sulfur system. 
However, a common feature of nearly all K2S04 seed reprocess1ng schemes 
1S the 1ntermed1ate format1on (e g., V1a solid carbon or gaseous re
duct1on) of potass1um sulf1de (K2S) wh1ch can be converted to K2C03 
and hydrogen sulf1de gas (H2S) (refs. 1 and 2). Hence, the 1dea of 
avo1d1ng the format1on of K2S04 e1ther 1n whole or 1n part by con
dens1ng K2S directly from a slightly oxygen def1c1ent stream 1S be1ng 
cons1dered. This would greatly reduce or poss1bly el1m1nate the 
cap1tal cost and complexity associated w1th a reduction reactor. 
This concept was f1rst advocated by W. D. Halstead of the Central 
Electr1c1ty Research Laborator1es 1n England (ref. 3). In more recent 
years, the AVCO Everett Research Laboratory has advocated this approach 
f1rst 1n the1r subcontractual effort to the General Electr1c Company's 
Phase II of the ECAS Study (ref. 4), and most recently in their ETF 
Conceptual Design Study (ref. 1). 

Th1S "K2S seed reprocess1ng variat1on" would necessitate an 1n1t1al 
combust1on under reducing fuel-r1ch conditions which would open the 
possib1l1ty of K2S format1on instead of K2S04 (ref. 3). The gaseous 
combust1on products from this fuel-r1ch mixture would flow through 
the MHD channel. The K2S would potentially be condensed from the 
stream, and a second combustlon would then be carried out under alr
rich, sulfur-free (ldeally) condltlons to complete the combustion 
process. NOx format1on 1S expected to be min1mized 1n the f1rst 
combust1on because of the 02 def1ciency, and ln the second combustlon 
because of the lower temperatures and long res1dence times 1nvolved. 

In Figure 1, the hot stream slde arrangement of the AVCO ETF con
ceptual plant 1S shown for the heat recovery and seed recovery com
ponents. As the hot stream eX1ts the diffuser of the MHO generator 
at 2292 K, 1t passes through the slag furnace for slag removal. 
Stream condltlons are sllghtly reducing and rema1n such as the 
stream passes through the seed recovery furnace. Secondary a1r 
is In]ected after the seed recovery furnace at 1289 K to complete 
combustlon. Hence, reduclng conditlons are establ1shed at the seed 
recovery furance that potentlally could lead to direct K2S seed 
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recovery while oXldlzing condltlons are establlshed In the air heater 
furnace, the economlzers, and the electrostatic precipitator that could 
lead to K2S04 seed recovery for any seed materlal belng carried lnto 
these sectlons. 

Calculatlons have shown that resldence tlmes and mixlng for com
bustlon specles In the MHD stream are adequate for attalnment of chemical 
equlllbrlum (ref. 4), except possibly for NOx species, which do not 
concern us here. It is therefore loglcal to perform equlilbrium cal
culatlons that predlct which species will form, what thelr concen
tratl0ns wll1 be, and under what condltlons they may be expected to 
condense from the stream. Such calculatl0ns can be made by use of 
the NASA LeW1S Complex Chemlcal Equlllbrlum computer program (CEC) 
(ref. 5) for any fuel composltl0n, fuel/oxidant ratlo, and seed con
centratlon. However, these calculations are meanlngful only lf 
adequate thermodynam1c data are avallable. Unfortunately, the thermo
dynam1c data avallable for K2S(s,1)* (refs. 6 and 7), have a relatlvely 
large uncertalnty. An extensive literature search showed that no data 
eXlst for K2S(g). Consequently, a precise and accurate evaluatlon of 
the "K2S seed reprocesslng varlatlon" lS lmposslble untll such data 
are forthcomlng. In fact, exact deflnitlon of the heat recovery and 
seed recoveD' component lnterfaces and operating condltions are lm
posslble for a system such as the AVCO system described above. The 
situatl0n regardlng the data is slmilar for potasslum sulflte (K2S03) 
whlch, under fuel-rich combustion condltlons, potentially could be 
produced In slgnlflcant quantities along with K2S. Agaln, the thermo
dynamic data for K2S03(s,1) are probably qUlte inaccurate (ref. 8) 
and no data eXlst for K2S03(g). 

The consideratlons above have lmmedlate lmpact on several problems, 
for whlch experlmental and theoretlcal studles appear essentlal. These 
studles are· 

1. Determlnatl0n of the condltl0ns necessary for condenslng K2S, 
K2S04, K2S03 or K2C03 from the combustlon stream (e.g., fuel/oxidant 
ratlo, temperature and sulfur and seed level). The resultant data would 
deflne the proper placement and operation of heat recovery and seed 
recovery components. 

2. Assessment of the lmportance of K2S03 as a seed recovery pro
duct from fuel-rich combustlon. 

3. Characterizatlon of the condensed phases obtained from K2C03 
seedlng and fuel-rlch combustl0n. Possible condensed phases for the 
K-S-O-C system are KOx , K2S04, K2S, K2Sx , K2S03 and K2C03; mlxtures 
or Solutlons made up of these phases may also result. 

4. Assessment of the contalnment problem. K2S is known to be 
very reactive toward metals at hlgh temperatures; K2S03 is llkely to 
be corrosive; and K2S04 and K2C03 are known to be highly corrosive. 

*Throughout thlS paper (c) refers to condensed state, elther solid (s) 
or liquld (1), (g) refers to gas. 
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5. Reclamat10n of K2C03 from the condensed seed product. 

Because such studies are scarce or nonex1stent, systems evaluations 
cons1stently bog down. Accordingly, exper1mental efforts were begun, 
and top priority was g1ven to K2S, The data needed are common to other 
problems and the upstream occurrence of K2S most directly addresses the 
idea of avo1ding K2S04 condensat1on. Therefore, work was begun to 
obta1n data for the high temperature vapor1zation and condensat10n of 
K2S, and to characterize the deposits from fuel-r1ch flames seeded with 
K2C03' 
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EXPERIMENTAL APPARATUS AND PROCEDURE 

Mass Spectrometrlc Vaporlzatlon Experiments.- Knudsen cell mass 
spectrometric experlments (ref. 9) were undertaken to determlne the 
vapor species In equll1brlum wlth K2S(C). The Knudsen method is an 
eqU111brlum determlnat10n 1n which the gas phase sample is caused to 
effuse through a small orlflce In the sample container (Knudsen cell). 
The rate at which a glven species effuses from the cell determlnes the 
recorded lntenslty of that species as detected by the mass spectrometer. 
Intenslty can be related to the equilibrium vapor pressure of the species 
above the condensed phase ln the Knudsen cell. The present work was 
undertaken 1n the H1gh Temperature Mass Spectrometry Laboratory at 
NASA Lewls, uSlng a CEC Model 21-110 Mattauch-Herzog type double
focusing lnstrument (ref. 10). 

The K2S sample was obtalned packed under N2 from Alfa Divlsl0n, 
Ventron Corporation, and was used w1thout further purlf1catlon. This 
matenal was labeled "K2Sx, S > 12.8%." Two series of runs were per
formed with the mass spectrometer. For each, the sample bottle was 
opened and the Knudsen cell loaded in a N2 dry box. The loaded Knudsen 
cell was transferred as quickly as posslble to the mass spectrometer for 
pump down to the 10-6 torr range. Even wlth these precautlons, hydrolysls 
w1th water from the a1r 1S expected to have occurred to some extent. 
This is lnferred from the observed behavior of small quantlties of 
K2Sx(C) dellberately exposed to air; 1mmediate surface hydrolysls was 
noted as H2S gas was glven off. On prolonged exposure, such samples 
became tacky and eventually dellquesced. 

Combustlon Gas Deposltl0n Experiments.- The obJectlves of flame 
deposltlon experiments uslng fuel-rich combust1on and K2C03 seedlng 
were to test whether chemlcal equilibrlum is reached in the exhaust 
stream and to determlne what potasslum-conta1nlng phases would deposit 
on a target collector immersed in the combustlon product gas stream. 
An ldeal experiment would have involved an actual coal-flred stream 
with about 4% S and provlslons for mountlng a cooled collector In the 
stream. Because no such facillty was readily available, we used a 
Mach 0.3 burner rig at NASA Lewis (ref. 11). For these experiments, 
the burner rig was adapted to burn No. 2 diesel fuel and equipped to 
permlt K2C03 seedlng as an atom1zed aqueous spray fed dlrectly lnto 
the combust1on chamber. A rotat1ng target was located in the exhaust 
stream. 

No. 2 diesel fuel was chosen because it typlcally has the highest 
sulfur content of the fuels that can be used on the burner rlg which 
was available. Analysis of the fuel employed gave 0.197% S by welght. 
The concentrations of the seed substance, K2C03, was maintalned at a 
low value of about 3 ppm ln the lnitial experiments. 
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RESULTS AND DISCUSSION 

Mass Spectrometr1c Vaporization Exper1ments.- Results from mass 
spectrometry are given in Table I. For the Series 1 experiment, the 
sample was heated in a molybdenum Knudsen cell for a total of 9 hours. 
After about 6 hours, the intens1ties of K+ and S2 were observed to 
be decreas1ng and the rat10 K+/S2 increasing. The vacuum was broken 
for sample examinat10n, and 1t was immediately obvious that the sample 
had reacted with the molybdenum cell though the melting point of the 
sample presumably had not been reached (m.p. K2S 1S 9480C). A black 
reaction product covered the cell or1fice. X-ray powder d1ffract10n 
showed the reaction product to be KMoS2 (JCPDS Card No. 18-1064). 

In the Series 2 exper1ment, the K2S sample was loaded 1nto an 
alum1na 11ner 1n a tantalum cell. The objective in Series 2 was to 
measure the temperature dependence of K+, S2 and K2S+ (wh1le staY1ng 
below the temperatures where the trouble had occurred previously), 
thereby establishwg a In P vs. liT or "second law" vapor pressure 
curve for K2S(C). A~ain, however, after several hours of heating, 
slgnals for K+ and S2 were observed to falloff (as in Ser1es 1). 
On open1ng the system, no reaction was apparent between the K2S and 
the alum1na liner, but a white react10n product was present 1n the 
orif1ce of the tantalum cell so that the or1f1ce was plugged. X-ray 
powder d1ffract10n showed the product to be KTa03 (JCPDS Card No. 
2-822), and 1t 1S hypothes1zed to be the result of products from a 
reaction between the cell and the sample. No K2S(c) sample was 
recovered from Series 2. 

The mass spectrometr1c results summarized 1n Table I establish 
that the maJor spec1es above K2S(C) are K(g) and S2(g) with minor 
amounts of K2S(g). Caution should be applied 1n us1ng the results 
in quantitative calculat10ns, however, because the or1ginal sample 
lS known to have contained greater than sto1chiometric amounts of S. 
Furthermore, the extent of hydrolys1s the sample exper1enced in be1ng 
transferred into the mass spectrometer is not known. Measured 1nten
sit1es could not be converted to absolute partial pressures because 
no calibration was performed. 

Vaporizat10n and Condensat10n of K2S(C).- No previous reports of 
experimental studies on the vapor1zat10n benavior of K2S(C) were found 
in the literature. The present mass spectrometric exper1ments establish 
that the reaction 

K2 S(c) --==-~ 2 K(g) + ~ S2(g) (1 ) 

probably describes the major mode of vapor1zat10n 1n vacuum. Another 
possibility to be cons1dered is that K2S(c) vapor1zes to a molecule 
with the same sto1chiometry as the condensed phase 

K2S (c) K2 S (g) (2) 



Heywood and Womack (ref. 12) apparently assumed that react10n (2) re
presented the major mode of vapor1zat1on of K2S(c). However, the 
present mass spectrometr1c experiments establish that 1n vacuum, less 
than one percent of the vapor phase cons1sts of K2S molecules. 

If one assumes that K2S establ1shes equ111br1um with 1tS vapors 
according to reaction (1), calculat10ns of the vapor pressures of K(g) 
and S2(g) can be made. Equ111brium vapor pressures for reaction (1) 
may be calculated uslng G1bbs' free energy functions and enthalp1es of 
format1on for K(g) and S2(g) (ref. 13) and for K2S(c) (ref. 7). How
ever, uncerta1nties 1n the accuracy of the available thermodynam1c 
data 1mpose a problem. The most up-to-date summary of thermodynamic 
functions for K2S(c), supersed1ng an earl1er comp1lation by Mllls 
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(ref. 6), 1S glven in the JANAF Tables (ref. 7). The heat of 
format1on (~fo298) 1S an average value from the calorimetr1c work 
of Rengade and'Costeanu (ref. 14) reported 1n 1914, and that of Letoffe 
et al (ref. 15) reported in 1974. An earl1er value, reported by Sabatier 
(ref. 16) 1n 1881, was discounted. The estimated uncerta1nty 1n ~fo298' 
is gl ven as ~ 3 kcal/mole (ref. 7). Heat capaclty data for K2S (s) , 
have been reported only once, by Dworkin and Bredig (ref. 17). The 
value for the standard entropy 1S based on estimates by Freeman (ref. 18), 
Voronin (ref. 19) and the JANAF group (ref. 7) and does not 1nvolve a 
direct experimental determ1nat1on. Thermodynam1c functions for K2S(I) 
are based on heat capacity measurements by Dworkin and Bred1g (ref. 
17) and have been extrapolated to cover a range of hundreds of degrees, 
even though the measurements only covered a range of 39 degrees. Thus, 
calculatlon of the vapor pressures over K2S(c) are uncertain to the 
degree that uncerta1nt1es exist 1n the data for th1S condensed phase. 

Subject to the above reservatlons, equilibr1um pressures for 
reactlon (1) are listed 1n Table II and presented graphically in 
Flgure 2. Because no thermodynam1c data are ava1lable for K2S(g), a 
slmilar calculation cannot be carr1ed out for reaction (2). 

The equll1brium constant Kp for react10n (1) 1S glven in terms 
of part1al pressure by 

P 1/2 
S2 (g) 

If we assume that K2S(c) vapor1zes congruently, and ma1ntain the 
necessary element balance, then 

Equation (4) can now be substituted into equat10n (3) to Y1eld 

K- = 1/2 P 5/2 
-IJ K(g) 

(3) 

(4 ) 

(5) 
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The total pressure above K2S(c) is 

(6) 

Whenever PS2 (g) and PK(g) ln a system attaln values such that their 
comblnatlon according to equation (3) Ylelds a numerical value equal 
to or greater than Kp , the condensatlon of K2S(c) may be expected to 
occur. 

Alternatlvely, conslderlng reactlon (2), one sees that lf the con
centratlon (or partial pressure) of K2S(g) becomes equal to ltS saturated 
vapor pressure, then K2S(c) condensatlon would agaln be expected to 
occur. These sltuatl0ns are examples of the "payoff" avallable from 
a knowledge of saturated vapor pressures for MHD applications. 

Heywood and Womack (ref. 3) employed a thermodynamic treatment to 
describe the depositlon of K2S(C) from an MHD combustl0n gas stream. 
Some comments regardlng thelr treatment and results are ln order 
because we question the data and procedures presented in reference 3. 
We feel that thelr approach to the prediction of the formation of a 
condensed phase is a great oversimplificatl0n and mislnterpretatlon 
of the problem because lt does not take into account all of the possible 
lnteractlng chemical equlllbria slmultaneously. Nonetheless, lt lS 
instructlve to proceed through this example ln order to elucidate the 
deficlencles. The starting point lS Flgure 9.9 on page ~65 of ref
erence 3, whlch lS reproduced as Flgure 3 in thlS report. The solid 
I1nes for K2S, K2C03 and K2S04 represent the "concentrations" of the 
"major" potasslum-contalnlng species in an oll-fired MHD exhaust, with 
1.0 atom percent potassium seedlng, plotted agalnst 02 concentratlon. 
Because the authors of thlS figure probably dld not have any data for 
the gaseous K2C03 or K2S molecules, and because no thermodynamlc para
meters are given or referred to, it lS impossible to determine on what 
basls they calculated the so-called "pressures" (or "concentrations "). 
Nevertheless, the three molecules, K2S, K2C03, and K2S04, are con
sldered by the authors of reference 3 to be the major potassium
containlng specles at 1500 K. We have plotted the saturated vapor 
pressures of the K2C03 (ref. 20) and K2S04 (ref. 21) molecules for the 
purpose of examlning condensatlon conditlons relatlve to the MHO problem. 
Unfortunately, no value for the K2S(g) pressure is avallable. Because 
the predlcted concentration of K2S04 lS greater than ltS vapor pres-
sure for all stolchiometrles to the left of about 0.6 volume percent 
02 deficient, K2S04(C) is expected to condense. K2C03(C) should not 
condense at 1500 K, and no concluslon can be made regardlng K2S(c). 
Other than the uncertalnties whlch have been mentioned, it lS clear 
that the vapor specles used by Heywood and Womack under reduclng con
dltions is K2S(g) rather than K(g) and S2(g). Just how much dlfference 
thlS dlscrepancy amounts to cannot be assessed wlthout measured equili
brlum vapor pressure data for K2S(g). In addition, other potasslUID
contalnlng molecules, such as KOH, are expected to be lmportant species 
ln a combustlon gas. These specles are ignored in the treatment ln 



reference 3. A more comprehensive method for predict1ng deposition on 
the bas1s of thermodynamic data is given below. 
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Combust1on Gas Deposit10n Experiments.- Several experiments were 
carried out w1th sta1nless steel or Waspalloy tubes at about 960 K as 
collectors. No definitive results regarding the chemical COmpos1t10n 
of the deposits could be ascertained from these experiments because the 
collection tubes sustained severe corrosive attack. 

S1gnif1cant results were obtained, however, 1n an experiment when 
an inert platinum collector was used. The fuel/a1r rat10 was maintained 
at a value of 0.049 and the collector temperature at 816 K. A small 
amount of a yellow-white deposit was collected 1n the two-hour experi
ment. X-ray analys1s of th~ "waxy" deposit yielded only two powder 
d1ffraction lines attr1butable to the depos1t. The two lines were 
unident1fiable. A repeat of x-ray analysis three days later on the 
same sample gave an unmistakable pattern for K2S03' 2H20 (JCPDS Card 
No. 1-895). Apparently the deposit had converted from an amorphous 
to a crystal11ne form. Th1S preliminary result is particularly inter
est1ng because it indicates the possibility of having to cope w1th 
K2S03 as a seed recovery product and because it was obtained under 
air-r1ch conditions. 

Chem1cal Equ111br1um Computer Program Calculat10n of Combust10n 
Gas and Deposit Compositions.- The NASA LeW1S Complex Chemical Equili
br1um computer program (ref. 5) was used to calculate adiabatic flame 
temperatures, COmpos1t1ons of combustion gas at any temperature, com
pos1tion of condensed pure phases (1f any form), and thermodynam1c dew 
points for condensat10n. References 22 and 23 g1ve pertinent examples 
of these sorts of applicat1ons. To calculate the amount of depos1t 
expected requ1res the use of additional sophisticated mass transport 
theory (see refs. 11 and 24) which is beyond the scope of the present 
work. Tables III to VI conta1n the results of equilibrium calculations 
for various burner rig conditions with the No. 2 diesel fuel which was 
employed 1n the experiments. 

It should be p01nted out aga1n that react10n (1) is assumed for the 
vaporization of K2S, No K2S gas molecule 1S considered, and K2S03 gas 
1S also not considered 1n the program because no thermodynamic data 
exist for such a molecule, that 1S, 1f one exists at all. It is ex
pected that even 1f data for K2S(g) and K2S03(g) were added into the 
calculations at a later time, the results would not be significantly 
different, because from our p01nt of view, these are relatively minor 
vapor spec1es. The largest uncerta1nties exist in the data for K2S(s,I), 
K2 S04(g) , and K2C03(g). An effort should be made to obtain improved 
data for these phases which m1ght sign1ficantly affect the results of 
calculat1ons. 
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Two sets of calculat10ns were performed. The f1rst set corresponds 
to the sulfur and K2C03 seed levels used 1n the burner rig exper1ments. 
The calculated results presented 1n Tables III and IV are for various 
equ1valence rat10s represent1ng oxidizing, stoichiometric and reduc1ng 
combust1on condit1ons. The results ind1cate that the condensate ex
pected is KZS04(C) on the oX1d1z1ng side and KZC03(C) on the reduc1ng 
slde of sto1ch1ometry. For the cond1t1ons considered here1n, no KZS(c) 
or KZS03(C) condensates are pred1cted by the equilibrium calculations. 
On the reduc1ng slde of sto1chiometry, most of the sulfur eX1sts as 
HZS(g) at low temperatures while on the oX1d1zing side 50Z(g) is pre
dom1nant. 

The second set of calculat10ns are for a hypothet1cal burner r1g 
case. For th1S case, the sulfur level was set at 4 weight percent 1n 
the fuel and 1 weight percent KZC03 was added to the a1r. The results 
of the calculat10ns are glven in Tables V and VI. One sign1f1cant 
observat1on 1S that KZ5(c) 1S pred1cted to condense under certain 
cond1t1ons. KZ5(c) appears under reduc1ng cond1t1ons and at relat1vely 
h1gh temperatures, 1.e., 1300-1400 K for ¢ > 1.15. The temperature for 
the onset of condensat1on of KZ5(c) 1S found to be a sens1t1ve funct10n 
of the S- and K-seed level as well as the fuel/a1r ratio. At lower 
temperatures, KZC03(C) 1S pred1cted as the stable condensed phase. 
Aga1n, most of the vapor phase sulfur exists as HZS(g). Exper1mental 
work w1th a combust1on system of the composit1ons cons1dered here should 
be undertaken to test the thermochemical predict1ons. 
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CONCLUSIONS 

1. Knudsen cell mass spectrometry was used to show that K2S(s) vapor-
1zed, in vacuum, to g1ve mainly K atoms and S2 molecules. 

2. The K2S(g) molecule eX1sts, but 1S not a major component 1n the 
K-S system under the conditions 1nvest1gated. 

3. K2S03· 2H20 was shown to be the deposit from a burner r1g flame with 
a fuel/air weight ratio of 0.049. This was an unexpected and unex
pla1nable result. Prev10us exper1ments with potassium-seeded flames 
have yielded K2S04 deposits (ref. 25). However, sulfite spec1es are 
1ndeed important in such systems as sod1um/sulfur/oxygen and calc1um/ 
sUlfur/oxygen. 

4. EqU1l1br1um calculations describ1ng the burner r1g runs (0.197 we1ght 
percent S 1n the fuel and 3 ppm K2C03 in the a1r) pred1ct that K2S04(c) 
should depos1t under a1r-r1ch cond1t10ns, and that K2C03(C) should 
deposit under fuel-r1ch conditions. The calculations d1d not pred1ct 
the formation of either K2S(c) or K2S03(c). 

5. Equ1l1brium calculat10ns for a hypothetical system w1th 4 we1ght 
percent S in the fuel and 1 we1ght percent K2C03 1n the a1r predict 
that K2S04(c), K2C03(C) and K2S(c) can form under specific cond1tions 
as a funct10n of flame st01chiometry and temperature. 

6. Suff1c1ent data eX1st for K2S(c) so that pressures for K(g) and 
S2(g) can be est1mated for th1s system. However, the thermodynamic 
data 1n the literature for K2S(s,1) have large uncerta1nt1es assoc1ated 
w1th them. A complete and re11able determ1nat10n of the mode of vapori
zation of K2S should be carr1ed out. The type of data desired includes 
a determ1nation of whether K2S(c) vaporizes congruently or not, a pre
cise determinat10n of the compos1tion of the vapor phase over K2S(c), 
vapor pressures and heat of vaporization for the gaseous spec1es, and 
molecular structure parameters for K2SCg). The heat and entropy of 
formation of K2S(c) should be redetermined as well as heat capac1t1es 
for the solid and l1qu1d phases. 
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TABLE I - KNUDSEN EFFUSIOl'. l\IASS SPECTROl\IETRIC 

DATA FOR KZS VAPORIZATIOl\ AT 30 FLr:CTRO~ 

VOL TS IO:\,IZIl'.G El\ERGY 

(a) Senes I, temperature = 1117 K 

SpeCieS mle Species Relatl\ e Probable 

sought found mtenslty* parent 

molecular 

species 

K - 39 K+ 100 K 

S -
Z 64 S + 

Z 22 Sz 

K S+ + 4-

2 (KZ02 ) 110 KZS 18 K2S 

K
Z

S
2 

+ 142 K2S2 
+ 0015 KZSZ 

KS+ (KO +, 
Z ! 71 KS+ 00Z3 K2S 

K 0+ 
2 94 K 0+ 

2 0013 KzO 
+ 

KOH ,6 None 0 ----

KO+ ')5 ,,",one 0 ----

(b) Senes 2, temperature dependence of 39K+ and 64 S2 + 

POll1t Tempera- Relatl\ e Relative 

ature, Il1tens Ity, ll1tenslt) , 

K K+ S T 
) 

1 1007 ,0 6 29 0 

2. 1034 100 a 4 ; 2 

, 1066 >IG ; cO) 
, 

cO 

4 ]02-1 -16 9 '/ -1 
") 1022 29 6 -, 9 

G 1031 -ll -1 .. -1 

7 1082 ,,1 2. 11 1 

b 110Z 79 0 13 3 

'J 1070 -11:1 1 -1 7 

10 1017 ;4 6 1 3 

11 1102 82 7 -, 4 

* l\!axlmum obsen cd throughout senes 1 relative to 

the maximum K+ obsci ved 

Note + KZS was not detectable 111 senes 2 The 

temperatures \\ ere lower and the Knudsen 

cell onflce smailci than 101 selles 1 



TABLE II - VALUES OF THE EQUILIBRIL1\! VAPOR 

PRESSURES OF K(g) AKD S2(g) OVER K
2

S(C) 

CALCl'LATED FROM THERl\IODYKAl\IIC 

Tempera
ture, 

K 

1000 

1100 

1200 

1300 

1400 

1300 

DATA IN THE LITERATt:RE 

PK (g)' 

atm 

~ 34xIO-7 

79XIO- 6 

~ 85xlO-5 

2 76x10-4 

1 20xlO- 3 

-I 24x10-'l 

1 09x10- 7 

1 45xIO- 6 

1 21xIO- 5 

6 90xlO- 3 

3 OoxlO- 4 

1 06xIO- 3 

PTotal' 

atm 

: 43X10- 7 

7 24xIO- 6 

6 06xIO- 5 

3 45x10-4 

1 30x10- 3 

") 30xIO- 3 



TABLE III - CALCULATED CmIBUSTIO,\ GAS COMPOSITIONS' FOR SEVERAL FL.'\1IIE STOICHIO~IETRIES 

SpeCIes 

K
2
C0 3(g) 

KZO(g) 

h2SO~(g) 

h(g) 

hO(g) 

hOH(g) 

h.H(gJ 

S02(g) 

SO :(g) 

52 (g) 

SO (g) 

5(g) 

5H(g) 

CO(g) 

CO2 (g) 

HP(g) 

'2(g) 

h
Z

5(e) 

K2SO~(e) 

h 2CO l(e) 

[Concentratlons as mole fractlOns ] 

II )() 

(O'\ldlzlng) 

loll0 900 

OVl0- H "'10-2~ 

3YlO- 19 

1>1(1-16 " 2':><10- 10 

-l'111-1 111- 9 

In-C) - 6 111- 11 -" 11) --

lO-7 l. ,10- 6 

10- 11 ~'l()-lJ 

~_P'11,-16 0>:10- 22 

-, 
2" 10 -

1~ 10- 10 

)'10- 10 

2 10- J 

2'<10- 1 

2/111- 1 

2-"10- 1 

10- li 

2>lLl- 12 1 IO- li 

lU--! j>:10- 3 

lU- 7 0 10- 5 

10- 2 ) 

lU- lU 1 j;'10- 1'7 

111- 16 

1 ''If)-lb 

2 W- 6 

2'10- 1 

111- 1 

1(1-1 

2><10- 12 

2y 10-1 

2"10- 1 

1 uu 

(stOlchlOnlt..tl le) 

Tempel atul e, h 

J'10-1; 

o 10-1i 

J'-o(10- 17 

11)- , 

1 '1O- 1U 

6>'1 11 - 1 ~ 

2v 10-16 

10-16 

1(1--1 

10-~ 

6"lO-LJ 

10- 6 

1500 

9 X 10- H 

8'10- 19 

1 Yl0- 11 

10- 8 

10- 11 

2' lU- 6 

!,>< 10 -1 J 

6 X 10-19 

1 '10- 19 

~~10-H 

!' lO-lJ 

2 "10- 13 

11) -~ 

IU -~ 

J"10- 17 

7>10- 9 

900 

-" 111 --

1>'1()-13 

2>-lU- 12 

3'lO-ld IlJ- 19 

) 10- 1 ) b" IO-li 

~ '> 10-7 

~qO-1 

2270·* 

5X !O-17 

6x10- 1; 

2 x IO- ltl 

10-7 

10-9 

10-7 

~, 1U- 1n 

1 10- 14 

J'10- 16 

1 10 

(l euuclng" 

1500 

2'10- 14 

8xI0- 19 

~' 10- 14 

10-7 

10- 1 } 

900 

1 X IO- 1J 

0' 10- 10 

10- 21 

10- 7 

111- H 

10- 12 

0'-10- 19 

1'10- 11 

6'10- 9 10- J 2'10-~ 

1 10- 14 '0 1U- 16 9'10- 2 I 

2'10-~ O'10-~ 1'10-10 

11)-'" 11)-11 9"10- 20 

10-11 1,,-7 c) 9 10- 11 

10- 6 10- 6 " lIl- 1J 

3 Y 10-2 

1x 1U- 1 

$'''10- 1 

(J)<.10-1 

- ) 

0' 10 -

2'><.10- 1 

lYIU- 1 

0"10- 1 

," 10- 2 

1'lO-1 

2' 10- 1 

OYIO- 1 

h- and or S-contalOmg speclt.s cunsidered b\ thL plogram are Gases - K2CO J , H2S0-l' KC\, KOH, h 20 2H2, SH, 

52' K20, K2~~' C5, h, 5" COS, S20, C5Z KH, h 2C2 '2' SO, 50 H2S, hO 5, S02' h2' SO J' Condensed 

phases - K
2

S, K
2

SO p K2S0
4

, h.OH, h.o.2' h.2CO J , KC0., H
2

SO4, h, S, h)O, r... 20 2 
,. 

Calculated adIabatic flame tempel ature 

Input parameters 

rut.! I\o 2 Dlesel, '--1 (\II} i421 '0 00;) \\lth (I 1~7 pelc.ult ::,ulfur, J ppm h. 2eo ~ in au, P = 1 () atm 



TABLE rv - CONDENSATE PREDICTED BY THE CEC 

0 

1 

1 

1 

1 

1 

1 

PROGRAl\l (REF 5) FOR COI\[Bl:STION or "\0 z 

DIESEL Fl:EL, CHI 7-121 No 003' CO;-' TAINI,,-G 

o 197 PERCE"IT S AND THE AIR SEEDED 

0* Condensate** De\\ pomt, Adlabahc flame 

K tel1lperatul e, 

K 

4 K
2
S0

4 1150 - 1125 1244 

5 K
2
S0

4 1150 - 1125 1462 

6 K
2
S0

4 1150 - 1125 1666 

7 K
2
S0

4 1150 - H25 1856 

8 K
2
S0

4 1130 - H25 20.30 

9 K
2
S0

4 
1150 - 1125 2176 

95 K
2

S0
4 1150 - 1125 2231 

99 K
2
S0

4 1150 - ll25 2262 

0 K
2

S0
4 

1125 - llOO 2268 

01 K2S04 1023 - 1000 2273 

K
2

CO
J 800 - 750 

05 K
2

CO
J 975 - 950 2281 

10 K2C0.3 (J75 - 950 2270 

13 K2C0.3 975 - 950 2241 

20 KZCOJ 975 - 950 2205 

* (,0 = eqUlvalence 1 ano 

cp < 1, ol\.ldant-nch, <.' ~ 1, stOlchlOmetnc fuel/ 

oXldant \\elght ratlO = 0 0691. <.0> 1, fuel-nch 

** Condensed phases consIdered bv the program m-

clude K2S, K2SO,1' K2S04, KOH, K02' KZCO l' 

KCN, K, S, H
Z
S0

4
, K20, and K

2
0 2 
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TABLE V - CALCULATED COMBUSTION GAS COMPOSITIONS' FOR SEVERAL FLAME STOICmOMETRIES FOR 

HYPOTHETICAL BURNER RIG FLAME 

[Concentrations as mole fractions] 

Species () == 0 90 (..~ == 1 00 <:J = 1 15 

(OludizlOg) (stolCluometrlc) (reduclOg) 

Temperature, K 

2139** 1500 900 2238" 1500 900 2201" 1500 1300 900 

K2C0
3

(g) 1 5Yl0-9 -I 0><10- 9 'i 5xl0-24 6 2xI0-1O 8 9xI0-8 1 6xl0- 15 3 3XlO- 1O 1 2''''10- 7 1 2xI0- 6 8 9xI0- 12 

K2O(g) -I lx10- 1O 
~ 6xl0-1-I ... -------- -I 340-10 2 OXI0-12 --------- 1 9xI0-1O 3 040-12 2 l Y10-13 1 2x IO- 25 

K
2
S0

4
(g) 1 4xl0-7 6 8xlO-4 2 lX1O- lO 1 2xlO-8 6 4 xI0-4 2 lXlO- lO 

2 OXI0- 9 
7 9xl0-6 3 3Yl0- 5 8 2'<10- 13 

K(g) 7 OXlO--I 1 l x10- 6 6 2'<10- 21 1 2XlO- 3 0 lx10- 0 1 540-12 
1 8 x'10- 3 6 3XlO--I 2 60<10--1 'I -I xl0- 1O 

KO(g) 1 5xIO- 5 J -1'10-8 ) Ixl0 -22 
1 3XI0- 5 

1 6xI0-8 0 6XlO- 22 J 4YI0-6 2 OXI0- 9 
-I l x10-11 3 6XlO- 21 

KOH(g) l 2xI0- 3 0 3xl0--I 1 lx10- 13 2 7 xl0- 3 2 6Yl0- 3 1 9XlO- 9 2 OX1O- 3 3 2X I0- 3 2 9xl0- 3 
1 -I xl0- 7 

KH(g) 8 5XI0- 5 2 9YI0- 12 --------- 3 lx10- 7 1 -IxI0- 9 1 3XI0-17 8 9xI0-7 1 7 ~10-7 5 1 xl0-8 
6 OVlO-1-I 

KC\(g) 'i 8xI0-1 I 9 2xI0- 2O --------- 9 440-12 -I 5Yl0- 14 7 20<10-18 2 8 xl0- 1O 4 8xlO-9 1 2xl0-8 1 7<10- 11 

K
2

(g) 1 2xI0- 9 1 OXlO-14 --------- 3 2xl0-9 2 340-11 3 5XlO- 25 
7 440-9 3 6xlO- 9 1 2x l0-9 1 -1,10- 19 

(KOH)2(g) 5 4xI0- 9 1 -IxI0-8 1 9xI0-23 2 3XlO-9 3 4XlO-7 3 oXIO- 15 1 5xI0-9 -I 9xl0-7 -I 5'>:10-6 2 9'<10-11 

H 2S(g) 2 6xlO- Hi 2 UI0- 16 --------- , 3xl0- 9 , 8'<10- 10 3 -Ixl0--I 1 OXI0- 6 7 6xl0--I 1 9xI0- 1 2 6"10- 3 

H 2SO -l (g) 1 4xI0- 12 2 lxl0- 11 1 1 '<10- 7 6 0'<10- 13 4 Xl0-13 6XlO- 16 1XlO-13 3xI0-14 -IxI0- 16 - ,0 
-I 1 1 -I , OX10 --

S02(g) 2 l Y 10- 3 -I )XI0- 4 , 6xI0-0 2 oX10- 3 1 7XlO- J 7 2xIO- 5 2 540- 3 1 5xlO- 3 1 -Ix10--I 2 7'<10- 9 

S03(g) 1 2x10- 6 2 3><10- 6 , 1 <10- 5 ) 6><10- 7 J -IxI0-8 3 lXI0- 13 1 lXI0- 7 7 7xl0- 1O 1 5v I0- 12 
1 9'<10- 19 

S02(g) ') 2>'10- 13 1 2Y l0- 21 --------- b lXlO- 11 1 9xI0 -12 1 2x10- 6 3 6xlO-8 1 5x10--I S 1>-10- 3 J OXlO- 8 

SO (g) 7 2x10- 6 1 l Yl0- 9 2 1<10-17 3 1x1O- 5 -I 3XI0-7 1 8 x10-9 1 5xI0--I 3 6xlO- 0 2 2"10- 6 , 9x10- 12 

S(g) 7 2xIO- 9 1 -I xl0- 10 --------- 1 2xIO -7 3 6x10-11 -I 1X I0- 13 2 5xI0-6 , OXI0- 7 2 5x IO- ts 
6 6x10-l-l 

SH(g) 1 8xl0-9 -I 8XI0- 16 --------- 3 9x10-' 2 OXlO-1O -I -I xI0-9 2 lY10- 6 2 6xIO- 5 S 1xI0-6 
'I 6xIO- 9 

2Y l0- 3 2xI0- 6 2/10-12 240-2 6xI0-4 9X10-~ -? 9x10- 2 -, -' CO(g) J -I 1 1 -I 2 -I 7XlO - ) 3 3"10 - 1 8'10 -

CO2 (g) 1 2XI0- 1 1 2YlO- 1 1 2~10-1 1 2xI0 -1 1 3XlO-1 1 -I YI0-1 1 OXlO- 1 1 lx10- 1 1 2XI0- 1 
1 3x10- 1 

HZO(g) 1 2XI0- 1 1 2xl0- 1 1 2-<10-1 1 2x10-1 1 3xI0- 1 1 3xI0- 1 1 3XlO-1 1 2xl0- 1 1 2xlO- 1 1 lxlO- 1 

'z(g) 7 2xl0- 1 7 3xI0- 1 i 3xI0- 1 7 1 Yl0- 1 , 2xI0-1 7 2XI0-1 6 9x10- 1 6 9XI0- 1 6 9x1O- 1 7 OX10- 1 

K
2

S(c) --------- --------- --------- --------- --------- --------- --------- --------- 2 6xI0--I ---------

K2SO 4(c) --------- 1 OXlO- 3 
2 OX10- 3 --------- --------- Z OXl0- 3 --------- --------- 2 6x10- 5 ---------

K
2

C0
3
(C) --------- --------- --------- --------- --------- --------- --------- --------- --------- 1 9x10- 3 

*K- and or S-contallung species considered bj the program are Gases - K2C03, H
2
S0

4
, KCN, KOH, K

2
0 2H

2
, SH, S2' K

2
0, 

K2S0
4

, CS K, Sr" COS, S20, CS2, KH, KzC z '2' SO, S8' HzS, KO, 5, 5°2, Kz ' 503, Condensed phases - K25, K2S03, 

KZS04 , KOH, KOz' KZC03, KC", H
2
S04, h., S, K20, KZ02 .. 

Calculated adiabatic flame temperature 

Inlet parameters 

Fuel ~o 2 Diesel, C1 oHl 7421NO 005 with 4 \\elght percent sulfur, 1 \\elght percent K2C0 3 10 3.lr, P = I 0 atm 



TABLE VI - COXDEi\SATE PREDICTED BY THE CEC 

0 

1 

1 

1 

1 

1 

1 

PROGRAl\l (REF 4) FOR CO:\IBVSTIOK OF NO 2 

DIESEL FLEL, CHI 7421:\'0 005' CONTAINING 

4 \\'FIGHT PERCENT S AND THE AIR SEEDED 

WITH 1 \\ EIGHT PERCENT K
2

C03 

<9* Condensate* * De\\ pomt, Adiabatic flame 

* 

K temperature, 

K 

4 "'2S04 1600 - 1500 1215 

KZCO J 1.100 - 1250 

;:; KZSO-! 1600 - LiOO 1-430 

K:!CO J IJOO - 1:!30 

6 K2SO-! 1600 - 1 'i00 1628 

K
Z

C0 3 1250 - 1200 

7 K2SO-! 1600 - 1500 1809 

K
2

CO
J 

1250 - 1Z00 

8 K2SO-! 1600 - 1500 1986 

KZCO j 
ll50 - 1123 

9 KZSO-! 1600 - 1500 2UHl 

95 KZSO-! 1600 - 1500 Z198 

99 K2SO-! 1600 - 1S00 ~ZJ2 

0 K,2S0-! 1 ;00 - l-lOO 22 1~ 
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Figure 1 - Arrangement of heat recovery and seed recovery components In AVeO ETF conceptual design 
(ref 1) 
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Figure 2. - EquIlibrium vapor pressures for K2S(c), assuming the 
reaction K2S (C) ~ 2K (g) + 112 S2(g) 
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Figure 3 - Species pressures vs 02 concentration. Solid lines from Heywood 
and Womack (ref 3) for oil-fired MHO exhaust at 1500 K, 4% 5, 1 atom % K 
seeding The dashed lines are saturated vapor pressures at 1500 K The 
solid lines represent the "oressure" of the K2S, K2CO y and K2S04 mole
cu les In the combustion gas 
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