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AN ALGORITHM FOR CALCULATING MULTl PHASE 
CHEMICAL EQUILIBRIUM 

by 

F. E. Spencer, Jr., 1 and A. A. Orning2 

ABSTRACT 

This Bureau of Mines report provides a complete mathematical description 
of the algorithm employed by a general multiphase chemical equilibrium program 
developed particularly for the purpose of studying problems in coal combustion, 
although the generality of the program will allow its application to any 
equilibrium system in which an appreciable gas phase is present. When applied 
to coal combustion problems, the program predicts composition and quantity of 
slag and unconsumed carbon phases as well as calculates accurately the composi­
tion of the gas phase including trace species such as free electrons and ions 
which are important for predicting electrical properties. 

INTRODUCTION 

Among the new coal combustion schemes being considered for power genera­
tion are high-temperature systems to produce plasmas for magnetohydrodynamic 
energy conversion . Most experimental approaches so far have used "clean" 
fuels, but future large-scale applications will require the use of coal. At 
combustor temperatures above 2,100 K, some of the combustion products dis­
sociate, and even the mineral matter is partially gasified. Fortunately, at 
such high temperatures, the combustion products may be assumed to be in a 
multiphase equilibrium condition. 

The present multiphase equilibrium program, while general in scope and 
efficiency, is particularly well suited to the study of coal combustion and to 
the prediction of electrical, thermal, and transport properties of the combus­
tion product mixture. The program has also been used in studying combustion 
of other fuels such as toluene, ethanol, kerosine, and sawdust and in studying 
certain aspects of sulfur oxide control and coal gasification. 

The present program uses the "equilibrium constant" method as contrasted 
with the currently popular "free energy minimization" method. It is not the 
purpose of this investigation to weigh the merits of the two approaches, but 
we do intend to mention features which minimize difficulties encountered in 

Mathematician. 
2 Physical scientist. 
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the past with the equilibrium constant method of Brinkley (1-}) 3 and 
Kandiner (~). Zeleznik and Gordon (l~) have shown that the two methods lead 
to equivalent computational systems in considerable generality. We cannot 
comment on how the free energy method might change if some condensed phases 
are solutions. 

Wedobelieve that our program is unusual in that it can fit into a com­
puter with only 16,000 words of memory while still allowing sufficient core 
space for the dynamic arrays required by a 17-component, two-phase system with 
a total of 92 species. Since the program takes every advantage of the 
features of ALGOL, there is no limitation whatever on the number of components, 
phases, and species considered, other than those of computer size and user 
budget. Section 3 of this report shows that the phase rule might impose a 
restriction under certain conditions. 

The program uses the methods of Brinkley (I-}) and Kandiner (~) where we 
have specialized all phases to be ideal and where the representative phase for 
every component is the gas phase. Since all the applications we have in mind 
have an appreciable gas phase, this turns out to be a considerable convenience 
because we avoid the problem of changing stoichiometric coefficients and 
equilibrium constants in cases where a condensed component, if so chosen, 
might disappear. On the other hand, we have had no difficulty in computing 
composition of systems with more than 40 atom-percent condensed material. 
Spencer, Orning, and Bienstock (10) give an example of a seed regeneration 
problem with this characteristic. 

Because of various simplifications and the present discussion directly in 
terms of equilibrium constants rather than in terms of chemical potentials, 
this report should be useful to engineers and programers who may not be con­
versant with all aspects of chemical thermodynamics. There are common points 
between the present paper and that of Feldmann(~), but exposition of the new 
ideas presented demands re-presentation of the algorithm starting from first 
principles. 

Brinkley(}) and Feldmann(~) have observed that activity coefficients 
can be introduced at appropriate points to account for nonideality, if the 
coefficients are available. Our applications are generally at the lower 
pressures (< 17 atm) so that the use of the compressibility factors (for 
example, Glasstone, l, p. 28) has not been introduced. 

Villars (ll) found that the methods of Brinkley were elegant but that 
they were subject to breaking down in two ways: Oscillations can occur, and 
the Jacobian matrix can be too close to singular for successful inversion. 
Both problems are avoided in the present algorithm. The oscillation problem 
is avoided by limiting the magnitude of the correction that is applied to each 
iteration to two orders of magnitude (section 3) and by introducing two 
schemes for intelligent guessing of solutions (section 6). The matrix singu­
larity problem has disappeared owing to the use of a computer with the 

3 Underlined numbers in parentheses refer to items in the list of references 
preceding the appendixes. 
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capability of expressing 10 significant figures and quite large and quite 
small positive numbers (10~3 08 

), and since the introduction of the modified 
Doolittle matrix inversion scheme, which appears to be able to invert matrices 
that are more nearly singular than most schemes for inverting general (not 
necessarily symmetric) matrices. (See section 5 and appendix B.) It is 
possible that the matrix inversion problems encountered by Villars were due to 
the complications attendant to handling a condensed phase of carbon, which 
might disappear under some conditions. This problem is also avoided in the 
present algorithm. 

In the span of 2 years and over 1,000 problems of different types solved, 
we have yet to fail in delivering answers to equilibrium problems as requested 
by different groups at Pittsburgh Energy Research Center. 

SECTION 1. - CONDENSATION CRITERION AND CONSTRAINT 

Suppose a container is enclosed and partly filled with a single phase of 
miscible liquids D', E', F' in equilibrium with a gas phase consisting of 
gases D, E, F of the same respective chemical species. Let LD, , LE,, LF,, be 
the vapor pressures measured over the respective pure liquids; let FD, , FE, , 
FF, be the molar fractions in the solution of each of the three liquids; and 
let PD, PE , PF be the partial pressures of the respective gases over the 
solution. Then the classical Raoult law(~, ch. 8) predicts that 

and by the definition of molar fraction, we get the equation 1 = FD' +FE' +FF' 

or 
(1) 

which can be extended to an arbitrary number of liquid-gas pairs and is a 
constraint for two-phase equilibrium; that is, whenever the ideal solution is 
present, the partial pressures PD, PE , PF must satisfy the equation 1. 
Further, liquid will form whenever the right-hand sum of three terms exceeds 1, 
and the liquid will continue to condense until the right-hand side equals 1. 
It is also predicted by this theory that a solution of all three liquids 
appears when any liquid whatever appears in this phase. 

Now suppose that the three liquids D', E', F' and the three gases D, E, F 
are all in equilibrium with gaseous elements A, B, C from which they are 
formed (for example, suppose the formula for Dis D = Av Bv Cv where some

AD BD CD 
of the V's might be zero), then the gas partial pressures must also meet the 
requirements (l, ch. 13): 

(2) 
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( 3) 

(4) 

in addition to the equation 1 (if condensation occurs) and to mass conserva­
tion (stoichiometric) requirements. 

Let us digress to look at the relations holding among L0 , , LE, , LF, , K0 , 

~, ~ and the liquid-phase equilibrium constants Ko• , KE, , ~• • Above a pure 
liquid D' at equilibrium, the partial pressure P0 is equal to the vapor pres­
sure V0 , • Three equations must hold: 

VA OI Va 0 1 Ve 0 1 

1 Ko, PA Pa Pc ( 5) 

VA 0 Va D Ve o 
Po = Ko PA Pa Pc (6) 

Po = Lo• . ( 7) 

Note that equation 6 is different from equation 2 since equations 5-8 apply to 
a system with pure liquid D'. The left side of equation 5 is 1 since D' is a 
pure liquid, and hence has unit activity by convention (i, p. 281). Since the 
stoichiometric coefficients: VA o' , VA O ; Va o' , Va O ; Ve o' , Ve O are pairwise 
equal, we can substitute equation 6 into equation 5 and get 1 = Ko • P0 /K0 , or 
P0 = K0 /Ko• • But, using equation 7 

(8) 

By analogous reasoning for systems over the respective pure liquids E' and F', 
we get 

( 9) 

(10) 

Now we reformulate equation 1: substitute equat ions 2, 8; 3, 9; 4, 10 
into the respective right-hand terms of section 1. Equation 1 becomes 

VA 0 1 Va 0 1 Ve 0 1 

1 = Ko• PA Pa Pc + 
VA E 1 Va E' Ve o' 

Pa Pc +~· PA 

VA FI Va F1 Ve F, 
~• PA Pa Pc ( 11) 

This relation is an equational constraint on the partial pressures of the 
elements A, B, C caused by the presence of the liquid phase D', E', F'. All 
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the remarks following equation 1 apply, mutatis mutandis, to equation 11 . In 
particular, when the right side of equation 11 exceeds 1, condensation must 
occur, and each term on the right side of equation 11 is a molar fraction. 
When there is only one species in a condensed phase, the equation 11 reduces 
to equation 5 as it should. Furthermore, when only one species appears in a 
condensed phase, equations 1 and 11 reduce to the simple requirement that 
partial pressure equals vapor pressure at equilibrium. 

The following observation is important: This mathematical formulation 
does not require knowledge of equilibrium constants for the gaseous version of 
any liquid species or knowledge of vapor pressures4 for any liquid; for 
example, gaseous K2 S04 and Al 2 03 may not exist (opinion is divided). We infer, 
and statistical mechanics concurs, that these vapor pressures and equilibrium 
constants are quite small but positive. Nevertheless, we can consider liquid 
or crystal Al 2 03 or K2 S04 in our condensed phases (pure or as ideal solution 
constituents) without need for vapor pressures or gas phase equilibrium 
constants. The equation 11 calculates, say K2 S04 at mole fraction activity in 
the phase in which the data bank puts it. If K2 S04 is the only species in the 
phase, it is calculated at unit activity. 

This ideal solution model can be and has been applied in situations where 
considerable nonideality occurs. The results obtained by considering K2 S04 (£), 
for instance, are quite different from treating a solution of K2 0 and S03 or 
of K, S, and O liquids. 

Feldmann(~) makes a distinction between liquids produced by condensation 
and liquids produced by heterogeneous reaction. In light of the algebraic 
discussion of this section, this is not a valid thermodynamic distinction. It 
leads to unnecessary complications in the program coding. In his terminology, 
all our condensed species are produced by "heterogeneous reaction." 

Finally, it should be emphasized that nothing whatever changes in this 
derivation if the representative components are any other gases than the 
gaseous elements. Components will be discussed in the next section. 

SECTION 2. - FORMULATION OF THE ALGEBRAIC PROBLEM 

Certain gaseous species are selected as components (1-l, ~). For 
simplicity, one can think of components as elements or as reactants, but the 
concept of component is not so restrictive . For example , we use CO2 gas as 
the representative component for carbon rather than graphite crystal, which is 
the JANAF reference state (2). In any case, each element considered must have 
a representative component, and the chemical equation producing end product 
species must be unique in terms of the selected components. 

Example: H2 , 0 2 , CO2 would be an acceptable component list since every 
compound that can be produced from these three reactants can be produced in 

4 The term "vapor pressure" properly refers to partial pressure of the gas of 
identical composition to the corresponding liquid, and not to the total 
pressure of decomposition products . 
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only one way, whereas H2 , 02 , CO, CO2 is not acceptable as a component list 
because there is ambiguity in production of carbon compounds. Either of the 
reactions C0-~02 - C(c)6 or C02 -02 - C(c) could be considered for the produc­
tion of graphite. 

The present algorithm takes all components to be gases because this 
avoids the complication that would arise if a condensed component were to 
disappear or if a condensed component were a constituent of a solution a t 
other than unit activity. Programs have been written that change components, 
equilibrium constants, and stoichiometric coefficients(~) when the phase 
makeup changes. The approach used in the present algorithm avoids these dif­
ficulties since all problems solved have an appreciable gas phase. 
Furthermore, both theory and experience have shown that appropriate guessing 
coefficients obviate the need to select components as the most prevalent 
species containing the given element6 as advocated by Brinkley (I-l) and 
Kandiner (~). 

-Let r be the number of components, and let Q be an r-vector whose entries 
are the stoichiometrically equivalent numbers of gram-moles of the components. 
If the third component selected is Cl 2 , then Q is to be the equivalent number3 
of m~les of Cl 2 in all the species present at equilibrium. The r entries in 
the Q vector (or Q list as we call it) are r of the total r+2 independent 
variables that specify a problem to the program. The other two independent 
variables are pressure (P) in atmospheres and temperature (T) in kelvins. 

Let Xbe another r-vector which, at equilibrium, will be the vector whose 
entr i es are the equilibrium quantities of the components in gram-moles . 

Lets be the number of gaseous species other than the components, let ph 
be the number of distinct condensed phases, and let c 1 , •••• ,cph be the 
numbers of species in the respective condensed phases considered . Let Y be 
an (s + ~ ck)-vector whose entries will be the number of gram-moles of all 
these noncomponent species. Following Brinkley (1), all such species will be 
called constituents. For example , if the 63d constituent is K2 S04 (£), then, 
at equilibrium, Y63 will be the number of gram-moles of liquid potassium 
sulfate present. Each condensed phase may consist of one constituent only 
(for example, a phase of solid carbon) or an ideal solution of several species 
(for example, liquid oxides of Al, Fe, and Si). 

5The parenthetical modifiers c, £ , and g serve to distinguish species of the 
same composition as to their phase, crystal, liquid, and ideal gas, 
respectively. 

6 Component selection might become important if the present algorithm were 
implemented for a computer representing, say, at most six significant 
figures. Using 10-figure arithmetic, the precise problem H2 (g)+~02 (g) 
tt H2 0(g) with components and 0 2 remains tractable down to 700 K. BelowH2 
this temperature, Jacobian inversion requires more figures unless a compo­
nent switch is introduced. Higher precision is only required by the inver­
sion scheme, a fact that may be useful with certain machines. An ad hoc 
solution to the singularity problem might oe to perturb either stoichio­
metric item by 10-s %. 
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The number N will be, at equilibrium, the total number of moles of gas. 
The numbers Nk fork= 1, ..• , ph will be the total moles in the respective 
condens ed phases. 

Each constituent YJ , gaseous or condensed, has an equilibrium constant 
KJ (in terms of th e gas e ous component), which is a function of temperature and 
is selec t e d from files in advance of working the problem, and a set of stoi­
chiometric coefficients [ V1 JJ~=l, one for each component. An efficient ALGOL 
procedure for calculating the YJ 'sis reproduced in appendix C. Two examples 
will now serve to explain the relationships of YJ, ~, V1 J , KJ, N, and Nk to 
each other. 

If there are five components Cl 2 , H2 , K, 0 2 , S2 , then 

1. The number of moles of gaseous HCl is computed by 

N 
p (12) 

2 . The number of moles of liquid potassium sulfate is computed by 

( 13) 

where V3 , K2S04 = v 4 , K2S04 = 2, v5, K2S04 = ½, Vi, K2S0 4 = V 2 ,K 2S04 = 0 and where 
it is assumed that K2 S04 ( £ ) is one of the species in the kth condensed phase. 
From the discussion in section 1 following equation 11, it can be seen that 
the right side of equation 13, divided by Nk , is the mole fraction of K2S04 ( £). 

If we should happen to know in advance the equilibrium values for N, Nk , 
and for the~, then the calculations 12 and 13 would be precise. This 
generally does not happen except after several iterations; neverthe less, it is 
convenient for the reade r to understand that at any step of iteration the 
calculation of any YJ is a straight-forward assignment, and that when the 
variables N, Xi, and Nk are precise, the values of the YJ are precise. 

One can infer from the two examples above that the primary interest in 
solving a general equilibrium problem is shifted to the determination of the 
equilibrium values for N, for the~, and for the Nk . 

In the present algorithm, it is always assumed that there is a gas phase 
pre sent. This choice is partly conditioned by our interest in combustion 
probl ems, but in more generality, we can take the view that all condensed 
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species have vapor pressures, 7 In concept we must solve the followin g gas 
phase problem for the unknowns X, Y, N whenever we solve any problem. 

V 

~ ( X1NP ) i J 1 < j < s (14)
i=l 

r s 
N = I: ~ + I: YJ (15)

i=l j=l 

s 
Q1 = ~ + I: vi J Y J 1 < i < r (16) 

j=l 

If after solving the preceding problem, we find that 

< 1 ( 17) 

for each condensed phase k = 1, ••• , ph considered, then all the condens e d 
phases are absent and the full solution to the problem is the solution to the 
gas-phase problem augmented by zeros for every condensed species and phase. 
The sunnnation limits are defined by d0 = s and, inductiv ely, ~ = ~- 1 + ck 
for k=l, .•. , ph. 

Now, suppose condensation might occur . Let~ be the left side of 
inequality 17, which is similar to the right side of equation 11 of section 1. 
If after the calculation of the Yj 'sin some it e ration it turns out that some 
of the~ 's are greater than 1, or that some of the Nk 's are greater than 
zero, then at the next iteration the following system must be solved: 

r s r 
N = I: Xi + I: ( ~ j 0J K J 11 ~ V1j ( 18) 

i=l j=l i=l 

s ( p ---..,vo J 
r 

N) Vi JQi Xi + I: V1 J K J 11 Xi 
j=l i=l 

ph dk r 
+ .E vi J Nk K J ( ~ j oJ 11 Vi j (19)~ k~l J=l+dk -1 i=l 

dk ( ~ )Vo j 
r 

1 E K J 11 ~ Vi J (20) 
j=l+dk -1 i=l 

for all k with > 1 or Nk > 0~ 

7 There exist systems with no gas phase. The present algorithm will not solve 
the problem H2 (g)+~0 2 (g)- H2 0( £ ) at 1 atm and 300 K regardless of what 
(gaseous) components are chosen because the total pressure of all gases in 
the system at 300 K is less than 1 atm. Pe rturbation of e ithe r stoichio­
metric item by 10-6 % renders this problem tractable b ecause then a small 
gas phase is present. 



9 

r 
<;_:; V1 J - 1 if Y1 is gaseous 

i=l 
where we have defined V0 J 

if YJ is condensed, 

Some of the last terms in equation 19 may drop out when Nk 's are zero. The 
values of Nk are never negative. The system of equations to be solved can and 
does change from iteration to iteration, depending on the current values of~ 
and of Nk . · 

This automatic switching of the algebraic form of the problem solved as 
the iterations progress is an improvement over the method of Feldmann (i), who 
programed for convergence of the gas-phase problem before a decision was 
reached as to whether his single condensed phase occurred or not. His 
approach does not seem to be applicable to systems with more than one 
condensed phase. 

SECTION 3. - FUNCTIONAL REFORMULATION; SYMMETRIC JACOBIANS 

First, equations 18-20 of section 2 must be transposed. Values for~, 
N, Nk must be found in such a way that the following functions all have value 
zero: 

r 
~ ( -Np)VoJI: ~ ~ 

V 
i J ( 21) 

i=l j=l 

ph r 
~ II ~ viJ (22)

k=l i=l 

r 
= 1 - tk KJ ( f )vo J II XJ Vi J 

j =l+dk-l N i=l 

(for all k such that ( 23) 

Recall that we have the definition 

( 23a) 

This automatic switching of the algebraic form of the problem solved as 
the iterations progress is an improvement over the method of Feldmann (i), who 
programed for convergence of the gas-phase problem before a decision was 
reached as to whether his single condensed phase occurred or not. His 
approach does not seem to be applicable to systems with more than one 
condensed phase. 
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When the appropriate collection of F's is zero, then the values of 
Xi (l< i <r), N, and~ (l<k<ph) , which make the F's zero, will be the equilib­
rium ;alues, and the det;r;ination of the corresponding Y's will be straight­
forward (as discussed in section 2). 

The decision as to which condensed phases appear is made during each 
iteration. If at the end of any iteration the value of Ric for some phase k is 
found to be greater than 1, then the calculation of Nk for that phase is 
enabled for subs equent iterations. If a subsequent calculation of Nk leads to 
NkSO, then Nk is set to zero and the calculation of further values for Nk is 
disabled at least until Ric is again found to exceed 1. It is important that 
the calculation of Nk is not disabled by the occurrence of Ric S l, because it is 
quite common for Ric to be less than 1 at various steps of iteration, for 
phas e s with Nk.29• 

It has been observed that N, the total moles of gas, does not deviate 

r 
appreciably from E Qi in combustion process es . Hence we have found that 

i=l 
there is no significant disadvantage to separating the iterative correction 
to N from the corrections to the other variables~ and Nk . There is an 
advantage to separating the correction to N: We have found a way to write the 
correction equations such that the J acobian matrix for the corrector functions 
for the~ and Nk is a symmetric matrix. We have not found a way to include 
the function for N and to preserve the symmetry. Inversion of a symme tric 
nonsingular matrix requires only about one-half of the computer operations 
required to invert a general nonsingular matrix of the same orde r. 

Let us assume temporarily that the value of N is correct and proceed to 
calculate the (m+l)st iterates~ ( m+l )and Nk ( m+ l)from the known mth iterates. 

The n ew values will be found by the corrections 

( 1 + hi ) ~ ( m ) ' 

and 

It is worth noting that the corrections to the X's are multiplicative, whereas 
the Nk corrections are additive. We want the values for~ to be always 
positive, whereas the values for Nk may be zero (but not negative). 

We have now to find the values h1 and hNk that make these functions z e ro: 

s r 
- ( l+hi ) ~ - E V1 J n 

j=l l =l 

ph dk 
E E 

k=l j=l+dk - 'l, 

dk r 
GNk 1 - E n 

j=l+dk- l i=l 
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.... 
We shall linearize the G's at h = o. The values for the G's at h = 0 are 

F1 ( • • • 2Ci ( m ) • • • 'N ' • • • Nk ( m ) • • • ) 

.... 
and ~ (0) = FN ( ••• ~ ( m ) ••• , N , •.• Nk ( m ) ••• ) • 

k k 

.... 
We now calculate the Jacobian matrix J G(O). Routine differentiation 

gives 

-+ ..... 

h=O 

(24) 

where Oab is the Kronecker delta defined to be zero except Oab = 1 when a= b. 

= 0 (for all pairs of condensed phases Nk and NJ) 

h=O (25) 

h=o h=o (26) 

By inspection of equations 24-26, the Jacobian matrix 

cl~ l oGN k 

oh1 • • • oh1 

0G1 oGr cl~ __1 ••• O~k 

.... oh r oh r oh r oh,. 
J G (0) 

0G1 oGr 
0 0 

oh N1 oh N i 

0 0 

is symmetric. The linear approximations to the values of the components of h 
will be given by the solution to the linear system 
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-i ~-i -+ ~ 

0 G(O) + [ J G(O)] (h), 
--+ 

or h = 

Brinkley (l) points out that it is a consequence of Gibb's phase rule 
that p ~ c+2, where pis the total number of phases and c is the number of 
components. In the notation table (appendix A), this translates to l+ph ~ r+2 
or ph < r+l. On the other hand, it is obvious that a matrix of the form of 
JG (O)-is necessarily singular if the square corner of zeros is more than half 
the width of the whole matrix. 8 It might be hoped that data banks might be 
prepared with many allowed phases and that the program, when applied, would 
automatically choose and compute those phases which appear. In practice this 
has worked, but the preceding remarks show that corrections to more than r 
condensed phases cannot be computed at any iteration, even though the phase 
rule allows r+l condensed phases. (See section 4.) 

Experience has shown that the linear approximations to the hi are 
sometimes too large or too small. We have had success in avoiding oscilla­
tions and negative values for the ~ by "cutting off" the corrections to the 

X;_ in the following way: If hi is less than -0.99, then we take X;_ (m+i) = 

0.01 • X; (m); if hi is greater than 99.0, we take X; ( m+l ) = 100.0 · x;-(m). Of 

course, for other values of h i we take ~ (m+l) = ( l+hi) X; (m). 

If the value of hNk is such that h Nk +Nk is negative at some iteration, 

then we set Nk =O, and, as mentioned earlier, disable the calculation of the 
phase. 

We have yet to derive the (one-dimensional) correction expression for N, 
the total moles of gas. In order to put this and the other parts of the 
process into the proper perspective, consider the simplified flow chart9 of 
the algorithm: 

1 ° Read P, T, Qi 's 

2° Guess X;_ 's, Nk 's, N (section 6) 

3° Calculate gas phase YJ 's (example: equation 1, section 2) 

4° Correct N (next topic in this section) 

5° Calculate Yj 's for condensed phases (example: equation 2, section 2) 

6° Check for convergence (section 7); exit if criteria satisfied 

sFor example, if r = 3 and ph = 4, then the Jacobian, when viewed as a coef­
ficient matrix, has the property that the bottom four rows correspond to 
4 equations in 3 unknowns. 

9 A more complete flow chart appears in appendix A. 
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7° Calculate and invert Jacobian matrix (this section) 

8° Correct Xi's and Nk 's (this section) 

9° Go to 3°. 

We now derive the (one-dimensional) correction for N, the total moles of 
gas. Let N(m) be the current value of N, let Xi ( m) be the current values for 
Xi , and let YJ (m) be the current values for YJ given by 

(27) 

+1)as in equation 1 of section B. We want to find a new value N( m for N so 
that 

r sN(m+ 1) Xi (m)r: + E K ( p J J i~l ( Xi (m) J 1 JN(m+1)i =l j=l j o ( 28) 

It is worth noting that the terms of this second summation are not the same as 
the yJ(m) -- they differ in that the denominator is N( m+l) rather then N(m). 
Let us define h by N(m+l) = (l+h) N(m) and 

FN(h) = N(m) (l+h) - ~ Xi(m) - ~ KJ ( p )vo J ~ Xiv1J 
i=l j=l N(m )(l+h) i=l (29) 

Finding h so that function 29 is zero will be equivalent to solving 
equation 28 . Differentiate function 29 with respect to h: 

dFN = N(m) - 2 p ) ( - l)(l+h) -
dh ( mm1" 

so that 
s 

= N(m) + Z::: Vo j Yj (m) • 
j=l 

h=O 

Now, the linearization of FN is 

dF 
dh 

h=O • 
So that his given approximately as 

h=O • 
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So the al gorithm f or N( m+l ) is 

The occurrence of th e numb e rs YJ ( m) in this e quation explains why st e p 4 ° of 
the simplified algorithm fits where it is. 

SECTION 4. - PHASE INTERDEPENDENCIES 

Correcting all condensed phases at one time does not seem to lead to a 
Jacobian singularity when the phases are not very interdependent, as for 
instance in the case that the two phas e s are graphite on the one hand and a 
solution of K2 C03 ( £ ) and ~S04 (£) on the other hand. We hav e run our program 
successfully several times under conditions where both these phases occur and 
are corrected simultane ously (10). 

Le t us now consider an exampl e that shows in a rather spectacular way 
that the application of the theory up to this point can lead to a singular 
Jacobian matrix: Suppose that we conside r two only condensed phases, one of 
which is K2 S04 (c) only and the other of which is K2 S04 (£) only. Suppose 
further that, at some iteration, the values of XK ,Xs and Xo are so large

2 2 
that both of 

and 

exceed 1. Then, if we proc eed to calculate both phase corrections 
simultaneously, we are led to a singu l ar J acobian mat rix, since the two adja­
cent columns for the two condensed phas e s are proportional. More specifically, 

aG( 1, ) oG( c ) 
= VK 'U)RU) --- VK ' ( C )R( C) 

ohK ohK 

oG(£) oG( c ) 
= Vs 2 , ( £ )RU) --- = Vs 2 , ( c ) R( c)

ohs 2 ohs 2 

oG~ 1, 2 ~-= Vo 2 ,(£)R( £ ) oho - Vo 2 ' ( C ) R( C)oho 2 2 

All other partials of G( £ ) and G( c ) are zero . Since the stoichiometr ic 

coefficients for the crystal and liquid a r e pairwis e equal, it is c lear that 
the two columns are proportional. 
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The simplest solution to this particular problem would be to treat 
K2 S04 (£) and K2 S04 (c) as the two constituents in one ideal solution, to zero 
the equilibrium constant for the crystal above the melting point, and to zero 
the equilibrium constant for the liquid below the melting point. The effect 
thus being that only one of the two species is "active" at a given temperature. 
This zeroing of selected equilibrium constants is accomplished when the data 
banks are prepared and does not involve any change in the program itself since 
it works with the data supplied. 

A more general solution to the similar problems that can occur in cases 
of phase interdependencies is to code the program so that only the most out-of­
balance phase is corrected at any iteration. More specificially, from among 
the phases that are candidates either in the sense that NK > 0 or else in the 
sense that~ > 1, make an iterative correction to only that phase among these 
candidates for which j 1 - ~ j is the largest. In the preceding examples, if 
the temperature exceeds the melting point, we would have R(£) > R(c) so that 

the only phase corrected at the next iteration would be the liquid phase. 
When the problem has converged R( £ ) = 1 and R(c) < R(£) so that the crystal 

phase would not appear. This procedure seems to be always convergent, but it 
is slow for two reasons: first, because different condensed phases must be 
corrected at different iterations, and secondly, because it requires extra 
coding and storage to omit Jacobian inversion (discussed in section 6). 

Finally, it is possible and sometimes economical to steer a middle course 
between two extremes of correcting all condensed phases at once and correcting 
only the most out-of-balance phase at each iteration. We have had success in 
correcting phases one at a time until all the "active" R's are between 0.95 
and 1.05 and then switching over to correcting all phases at once. Naturally, 
the parameter 0.05 in \ 1 - ~ j :s_ 0.05 can be adjusted as a data item in the 
implementation of this last idea if it appears necessary. 

In the crystal-liquid example where each is treated as a separate phase, 
Jacobian singularity occurs no matter what the values of the X's if the 
specified temperature happens to be the melting temperature, since the two 
phase rows are not only proportional but, in fact, identical.io But under 

1°suppose compount SALT has a congruent melting point Tm and that the enthalpy 
of fusion is 6H.n. Let 6S be the change in absolute entropy at formation 
of 1 mole of SALT(c) at Tm , and let 6H be the entha lpy of 1 mole of 
SALT(c) at Tm measured above the elements in their reference states at Tm. 
Consider two reactions: 

S +A+ L + T - SALT(c) 

S + A + L + T SALT( £ ) 

where the left sides are both the (same) reference states. At this 
temperature the free energy change is the same for both reactions so that 
the equilibrium constants Kp = l:IG/RTm are equal . 

https://identical.io
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such conditions, the system is thermodynamically indeterminant anyway. 11 

Another thermodynamically independent variable such as enthalpy would suffice 
to resolve the ambiguity as to how much material is in each condensed phase. 
Our program does not, at present, allow for this occasional variation in 
identification of independent variables. 

SECTION 5. - MATRIX INVERSION AND SKI PPING IT 

We reserve a square matrix of words (r + ph) x (r + ph) so that there i s 
space to calculate the Jacobian even in the unlikely event that all possible 
condensed phases appear at one time. We then effectively ignore those rows 
and columns that are not "activated" by one of the criteria Rk > 1 or Nk > 0. 
Since activation or inactivation of the various phase rows and columns is 
controlled by the occurrence of "true" or "false" in the entries of a Boolean 
array, it is an easy extension to "shut off" the rows and columns 
corresponding to components when the Q item for a component has been inpu t as 
zero. 

This "shutting off" is in fact necessary since Q1 = 0 implies ~ .::. 0, 
which implies that all YJ corresponding to constituents j (which require 
component i in their production) are zero; then by equations 24 and 26 of 
section 3 the resulting Jacobian has a whole row of zeros, so the Jacobian is 
singular. Corrections for such X's are not necessary anyway. Therefore, it 
is very convenient to extend the "ignoring of rows and columns" to rows and 
columns corresponding to components. 

Not only do we avoid the problem of matrix singularity in cases where a 
Q- item is zero, we in fact get a speedup in the operation of the inversion. 
The speed improvement runs almost as the square of (r-m), where mis the 
number of rows and columns omitted by the occurrence of zero items in the 
Q-list. It seems noteworthy that the program scales down and speeds up when 
zero Q-items are entered. 

The algorithm for inverting the Jacobian matrix is reproduced in ALGOL in 
the appendix. The algorithm is a modified Doolittle procedure (l, pp. 307-
313), which we have modified to ignore rows and columns that correspond to 
zero phases or to zero components. 

An economy was found in a criterion for skipping Jacobian construction 
and inversion when convergence is near(~, p. 98). Store the diagonal 
e1ements of the Jacobian whenever it is inverted and then compare the ratios 
of the proposed Jacobian diagonal elements divided by the corresponding diag­
onal elements of the last Jacobian inverted. If it turns out that 

3/4 :s_ <4 (old) /<4 (0 ew) s_ 4/3 for all the diagonal elements ~ , then the con ­
struction and inversion of the complete new Jacobian can be skipped . It is 
estimated that the resulting saving in computer time can be as high as 40 per­
cent. Naturally, it is necessary that a new Jacobian be computed and inverted 
whenever a new condensed phase appears. 

l 1 Assuming the idealization that activities of condensed species are 
independent of pressure. 
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We do not understand the precise mathematical reason for this criterion to 
be effective, but we were motivated to try it by the considerations that the 
diagonal elements of the Jacobian tend to be the largest entries in the matrix 
as confirmed by inspection of some test cases and by inspection of equation 24 
(section 3). The coefficients Vaj, VbJ for each off-diagonal summand are not 
very well correlated, so that many terms in the summation are zero for the 
off-diagonal entries. A matrix norm might be used if core space is available. 

SECTION 6. - S~UENTIAL AND INITIAL GUESSING 

One might say that •~othing improves the speed of an iterative algorithm 
as well as guessing right the first time." In this spirit, two features were 
incorporated that serve to improve the first guess on a given problem. 

Suppose we have specified a given P and Q
---, 

and wish to calculate composi-
tion at several temperatures; Say, T = 2800(-100)2000 K. After the program 
has calculated composition at 2800 K, it is a triviality to use the resulting 
answer, X, as the initial guess for the 2700 K case. For the third and 
successive temperatures we can use knowledge of the two preceding X's to 
obtain very precise initial guesses. 

Specifically, we use the guessing algorithm 

where Xi and X2 are the solution numbers of gram-moles of the same component 
for preceding temperatures Ti and T2 , and where X3 is the initial guess to be 
used for this same component at the temperature T3 • This logarithmic guessing 
scheme is an application of the generality that "logs of thermodynamic proper­
ties are affine in 1/T" (~, p. 3). The success of the scheme (appendix D) can 
be viewed as a confirmation of the fact that gram-moles of a component in a 
system is a thermodynamic property. Such a scheme for initial guessing of 
chained problems will be called a "sequential guessing scheme." 

Obviously, one cannot use the formula to obtain guesses for zero 
components, but this is a minor programing difficulty. On the other hand, one 
might wish to apply the same algorithm to guessing values for Nk, moles in 
condensed phases. Doing so has resulted in some problems regarding over­
estimates of Nk for phases that grow rapidly over a short temperature range 
after they appear (decreasing temperature order) and then level off. This 
distinctly nonlinear behavior might not be a problem for short temperature 
steps ( <100 K) between adjacent problems. We have found that using unadjusted 
answers from the previous problem for the gusses of Nk 's while using the 
logarithmic scheme for the components is just as fast as logarithmic guessing 
for all N's and X's for typical three-phase, 15-component problems 
(appendix D). 

Our algorithm seems to have more difficulty recovering from overestimates 
of condensed phases than from underestimates. This means that a distinct 
advantage obtains from using the scheme advocated in decreasing temperature 
order, since quantities of material in condensed phases usually increases with 
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decreasing temperature. The initial guesses for Nk will then generally be 
less than the solution values for a given problem. 

Appendix D discusses solution of the same set of 11 problems using 
5 different guessing schemes. Two of the schemes are the two different loga­
rithmic schemes previously mentioned, one is the single scheme of using old 
unadjusted answers, and the other two are schemes we discovered some time ago 
using the guessing formula X3 = X2 /X1 • It turns out that this old scheme is 
rather good since it is equivalent to the logarithmic scheme of if one assumes 

The older scheme is not well suited to nonuniform temperature spacing. 

Next we consider a method useful for obtaining initial guesses for simi­
lar problems with different pressures or mildly varying Q-lists. 

Initial guesses as to the values of the~ can be obtained economically 
by multiplying the respective Qi by externally supplied or internally 
generated coefficients which we call "initial guessing coefficients." It 
should be recalled that equilibrium problems are nonlinear problems which are 
at best homogeneous in the sense that multiplying the entire Q-list by any 
positive number serves only to multiply the equilibrium values of the X's and 
Y's by the same number. This provides a justification for the guessing coef­
ficient idea: Suppose we somehow solve an equilibrium problem, and that we 

then calculate coefficients ~ 0 
ld /Qi O 

ld for this solution where the Q1 are the 
prescribed initial data. Now, if a new problem is prescribed that has a 
similar Q-list, the initial guesses as to the values of~ for the new problem 
will be very good indeed if they are taken to be Qin ew (~ 0 

ld /Q1 ° ld). The 
remark about homogeneity shows that the guesses will be exactly correct if the 
new Q-list happens to be a multiple of the old Q-list, and if the pressure and 
temperature are the same. 

The Bureau of Mines program has been coded so that it reads a set of 
initial guessing coefficients at the beginning of each run. At the conclusion 
of each problem for which a new Q-list was specified, new values of initial 
guessing coefficients are calculated. There are at least two common situa­
tions where the economy of this procedure will be realized. The first of 
these situations is the one that occurs where the effect on the equilibrium 
mixture due to changes in one or a few of the Q-list items is to be studied in 
successive runs. A second situation where this economy makes itself felt is 
the calculation of a rectangular array of (P,T)-points for a Mollier chart. 
Say we are to calculate the points for a Mollier chart for a fixed Q-list and 
for T = 2800 (-100) 2000 and for P = \, 1, 2, 4, 8 atmospheres, first, we 
calculate the (T=2800, P=\) case starting with the externally supplied 
guessing coefficients. The cases (P= \, T= 2700 (-100) 2000) are then 
calculated starting with sequential guessing coefficients as explained at the 
beginning of this section. When the program works the problem (P = 1, 
T = 2800), it will start with the coefficients calculated after the (P = \, 
T = 2800) case was solved. Since only P will have changed, considerable 
computer time is saved. 
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A slight complication arises in the application of the second idea to Nk 
or to an Xi, the value of which might be affected by Q items other than Q1 • 

The idea is simply to define the initial guessing coefficient so that, for 
examples, 

Xa = ( co e fo ) [ Qc o + Qo + Qs 1 o + ~ 1 o 2 ]
2 2 2 2 2 

and 

Where in the later case N was assumed to be the total gram-moles in a 
condensed phase of Si02 (£) and Al 2 03 (£). 

SECTION 7. - CONVERGENCE CRITERIA 

It is mentioned in sections 2 and 3 that the values of the YJ 's are 
always precise relative to the Xi's, N and Nk 's. In a sense, the equilibrium 
constant relations giving YJ are "always" correct. The requirements that are 
not necessarily satisfied are 1° stoichiometric balance, 2° that~ = 1 for 
each phase with Nk > 0, and 3° that N is the sum of gaseous moles. 

Written out, then, we have to check that 

IFN k < 10-4 for k with Nk > 0. ( 30) 

I F1 I < 10-4 Qi 1 < i < r. ( 31) 

s 
and ~ yj - 10-4 N ( 32)Xi + NI~Ii{l j=l 

for four significant figure accuracy. The F's were introduced in section 3. 

This statement about accuracy applies to the accuracy of the functional 
values Fi , FN k , and FN --not to the values of the Xi and YJ . On the other 

hand, in occasional back checking of the answers obtained, we have never found 
a case where we could detect any error of the size 10-4 Xi (or 10-4 YJ , respec­
tively) or larger. 

This convergence criterion is obviously superior to a scheme that checks 
for stationarity of the components, for example, since component stationarity 
could lead to large errors in constituents if components are chosen, as we 
often do, to be species that are not necessarily the most prevalent species 
containing the given elements. 

Three remarks about the inequalities 31 need to be made: 
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First, for the electron balance inequality, we use 

I F0 - I :5 10-4 (Xe- + E 
ions 

since the stoichiometric input of electrons is usually zero (electro­
neutrality), and, because in some cases, the ions may far outnumber the 
electrons. 

Second, we normally choose some components as oxides, so that the 
inequality 31 in the case of oxygen should be IF0 I < 10-4 

(~ 1 0 +Qc O +Q0 . 2 - 2 2 2
+Q5 1 0 ) for a case where the three oxides shown are components. Note that it 

2 

is possible for Q0 to be negative, so we cannot use I F0 I < 10-4 Qo . Speci­
fication of a Q-li~t in which ~ 1 0 +Qco +Q0 +Qs 10 is ne~ative corre~ponds to 

2 2 2 2 

a chemically impossible situation. If components should be chosen in some 
other way, as chlorides say, then other analogous adjustments in the conver­
gence criteria would be necessary. 

Third, if any element is absent, then we omit checking the corresponding 
inequality in the test for convergence. 

Obviously, if it can be justified to calculate a different number of 
significant figures, then the factors 10-4 in each of inequalities 30, 31, 
and 32 can be changed to some other appropriate number. 

SECTION 8. - EQUILIBRIUM CONSTANT TABULATION AND INTERPOLATION 

Equilibrium constants have been accurately tabulated in the JANAF 
tables (1) based on the elements in chosen reference states. Since the compo­
nents chosen may not necessarily be the same as the JANAF reference state 
elements, it may be necessary to do an algebraic transformation of JANAF 
equilibrium constants when preparing data for use in this Bureau of Mines 
program. 

The JANAF data are tabulated at 100 K intervals, so this has been a 
convenient way to prepare a data bank. If it is necessary to compute an 
equilibrium problem at a temperature other than a multiple of 100 K, a partic­
ularly good method for interpolation is to assume that ln K is a linear func­
tion of 1/T. The functional form for this interpolation is based on the 
Van't Hoff equation (l, sec. 33f) and at the end points of the 100 K interval, 
the fitting function will conform to the supplied data. 

Provision must be made to avoid singularity in the interpolating function 
in case a data bank is used in which zero equilibrium constants have been 
entered as mentioned in section 4. 
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APPENDIX A.--FLOW CHART AND NOTATIONS 

Included here is a simplified flow chart (fig. A-1) for the computations 
for the case that all condensed phases are corrected at each step of iteration. 
Flow charts for the other options in correcting condensed phases do not differ 
to a great extent. 

Also included is a list of notations for the convenience of the reader. 

Co lcu late corrector fun ct ions and 

new Jacobian diagonal 

F,=1-Rk l+rsksph+r 
SIC 

F; = O; - X; - L V,; Y; IS i s r
Read P,T, NUM pr 

DA; ,x; +'" _r V; i V;; Y; Isis r 
Output 1=1 

com posit ion 

Yes 

No 

lntio I guess Sequental guess Compute Jacobian 

Of Xi , Nk ,N Of X,, Nk, N omitting rows and 
FCONk = Yes k, If N, > 0 then" t rue" - FCON,, yesk left unchanged columns corresponding 

else "fa lse" from previous case to Yes, ="false" 

DB , : DA; 1sis r 
Select or compute 

Equilibrium constants K ; 
Calculate 

h, = L A,, F1 
Invert Jacobia n 

Cal cu late gos phase constituents I 

Y = Ki· { P/N)voj [l X ~'I 
1 

''
1 IS js s 

Co rrect X,,N, 

One- d imen sion al Newton- Rophson 

Correct io n to N 

Calculate condensed pho se mo lor f roct ions FCON, ="false" 
U. = K- (P/N)'01 IJ X v,; I +d,.1 Sj Sd , , I+ rsk S r+pn Yesk= 

11 

folse 
11 

J J i=I I I 

N,=O 

Calculate R.' s 
dk 

Rk= L u, I +rs k $ ph+ r 
I : I+ dk -1 

Yes Ca lculate condensed phase species 
__,;,----., Y1 = If FCON, then U; · Nk else 0 

for l+d,.1 sj sd,, l+rsksph+r 

FIGURE A-1. - Flow chart for multiphase chemical equilibrium algorithm-option 1n which 

all existent condensed phases are correct at each iteration. 
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Notations 

X The vector whose entries contain the number of gram-moles of components at 
each step of iteration. 

Xi One entry of vector X. 

Y The vector whose entries are gram-moles of constituents. 

Yj One entry of vector Y. 

Q The vector whose entries are gram-moles equivalent of components in the 
whole system at equilibrium. These numbers are independent variables in 
specifying a problem and do not change as the iterations proceed. 

Q1 One entry of vector Q. 

P Pressure, atmospheres. 

T Temperature, kelvins. 

Kj The partial pressure equilibrium constant for constituent number j. The 
equilibrium constants are in the representation of the JANAF tables. 

V1 J The stoichiometric coefficient of the ith component in the jth species. 

~ The current value of the sum of mole fractions in condensed phase k. If 
~ < 1 at equilibrium then phase k does not appear, while ~ = 1 at 
equilibrium if phase k does appear. 

r The number of components. 

s The number of constituents in the gas phase. 

C The number of constituents in the condensed phases. 

Ck The number of constituents in the kth condensed phase. 

do = s. 

dk = dk_ 1 +ck, fork greater than zero. 

L0 r = Vapor pressure over liquid D' (used in section 1 only). 
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APPENDIX B. - -THE MATRIX INVERSION SCHEME 

We reproduce here, in ALGOL, the matrix inversion scheme for the sym­
metric matrix JG(O) of section 3. In this implementation, the matrix is 
called A, and it has been assumed to have been loaded with the partial deriva­
tives of section 3. Rows and columns corresponding to zero phases or to zero 
components have been loaded with zeros. The identifier RPH is equal to the 
sum of rand ph (section 2) so that both the square matrices A= JG(O), and IN 
have space for partials of all components and all condensed phases. The 
global Boolean array YES(/ l •• RPH/) controls the ignoring of rows and columns 
corresponding to zero components and zero phases. If on the reading of the 
Q-list for a particular problem it is found that, say Q3 is zero then YES3 is 
set equal to false, otherwise true, The logical values true or false have 
been assigned to YESr+l .•• YESr+ph at the last iteration according to the 
rules: YESr+k = true if Ric>l or if Nk >O and YESr+ k = false if both Ric < l and 
Nks_O. 



25 

1-HEGINl-~COM~ENTt MATRI~ INvEMSION 9LOCK., 
tARRAYtlN(/1 •• RPHtl••~PH/)., 
tREA Lt PIVOT., 

M • =RP~i •, 

IF OR t I • =11- STEP I- 1t lJ NT l LI- 1"'1I- f) 0 t 
tBEGI Nt 
tFORtJe:ltSTEPtltUNTILt MtDOI­
Ji'\f(/I•J/l .=o.o., 
I r-J C / I , I I ) • =1 • 0 • , 
tE!\Jl)t l LOOP AND LOADIN G ARRAY IN ~ITH IOtNTITY MATRIX,, 

tFORt J.=l tSTEPI- 1 1- U\ITILt M tOOt 
tIFt Y~S(/J/) 1-THE~l-
tHEGINt 

t~nRt I.=JISTEPt 1 tU NTlLI- M 1-001-
tJFt YES(/l/l 1-Tt-i[Nt 
t F O R t L • =1 t S T E P t l t I JNT I L t ~' - 1 I- lJ :) t 
A(/J,Il).=AC/Jtl/)-AC/L,I/l*A(/J,L/)., 

1-FORtle=ltSTEPl-ltUNTILI- ~ tuJt 
tIFt YEc;C/1/) ITriF.:"-lt 
tFOPt L.=11-STEPtJtlHTIL;i: J-11-DOt 

Jl'IJC/Jtill.:IN(IJ,I/) - It\JC/L•l/l * A{/L,J/l,, 

1-IFI- AHS{A(/J,J/)l tL~SStt-lSO tTHE~I- tGOTOt SINGULAR., 
PIVOT.=1.0/A(/J,J/) •' 

tFOPtI.:J+ltSTEPt 1 tUNIILl-~tDOt 
A<lt,Jl).=A(/J,I/l*PIVOl., 

tFORt I,=l tSTEPt 1 t LJ\ITILI- M tDOt 
lt-.J(/J,i/l.:JN(/J,I/) {; PIV'.H., 

tEr-.Jl)t J LuOP., 

1-FORt I•=l tSTEPI- 1 1- U~TILI- M 1-D~t 
A(/I,~l> •=IN{/M,I/l ., 

tFORt r.= M-1 tSTfPI- -1 1-UNTJLI- 1 toot 
tIFt YES(/!/) 1-Tt-iENl-
tFORI- J.= 1 tSTEPt 1 tU ~TILt I tDOl­
tHEGINt 

A(/J,1/) .=IN(/I,J/l •• 
tF'OPt L•=MtSTEPt -1 tU,. JTIL-t l+l tDOt 

A(/Jq/).=A(/J,r/) - 1,.(/J,~/) * AC/L,I/l.,
1-ENOt I--J ~OUBLE LOOP., 

tFOHt J.=? tSTEPI- 1 t U~TILt M 
toot 4(/Jtill.=A(/I,JI)., 
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APPENDIX C.--EFFICIENT CALCULATION OF Y'S 

We reproduce the ALGOL procedure (QUILB) for time-optimal calculation of 
the expressions for Y's, for example, equations 12 and 13 of section 2. When 
the procedure is called, the formal parameter RAY is replaced with the identi­
fier for the array to be calculated--Y in the case of gaseous constituents and 
U in the case of condensed constituents. The formal parameters BOTTOM and TOP 
are replaced with the actual limits within the array between which the calcula­
tions are to be performed. The formal parameter SIGMA is replaced with N when 
gaseous Y's are to be calculated and with RN(K) for the calculation of an 
expression~ in the notation of section 3. Two examples serve to explain 
this more completely: 

The coding 
QUILB(Y,l,S,N0)., 

'for' I = 1 'step' 1 'until' R 'do' N~=N0+X(/I/)., 

serves to calculate the gram moles of each gaseous constituent and to add up 
the corresponding (intermediate) value of total moles of gas. N0 is then used 
in the one dimensional Newton-Raphson correction to N, as discussed at the end 
of section 3. 

The coding 
QUILB(U,l+S,S+Cl,RK) 

'for' I=S+l 'step' 1 'until' S+Cl 'do' 

Y(/I/) =NK*U(/I/)., 

serves to load the array U with the terms of the expression for~ (section 3, 
equation 23a) and the identifier RK gets the value of~- The values for the 
Y(/I/) conform to the expression 13 of section 2. 

The procedure QUILB is optimal in the senses that the most likely values 
for the stoichiometric coefficients are taken care of first and that the 
library procedure "power" is used only as a last resort. 

The Boolean array YES,discussed in appendix Band in section 5, the 
stoichiometric coefficient matrix V, the equilibrium constant array K, and the 
variables PON(=P/N(m)) and SQRPN(=/ PON) must all be global to the procedure. 

An implementor of this algorithm should check that the computer with 
which it is to be used is capable of checking the indicated equalities between 
real variables; if it is not, then the inefficient call of the library proce­
dure "power" R+l times may be necessary. 
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tFORt I.=l tSTEPt 1 tUNflLt ~ t □ Ot 

t8EGI N.t 
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APPENDIX D.--COMPARISON OF SEQUENTIAL GUESSING SCHEMES 
AND EXAMPLE CALCULATIONS 

Equilibrium composition for 11 temperatures and P = 1 atm was ca lculated 
for the same Q-list using five different sequential guessing schemes. The 
temperatures were 2500, 2400, 2300, 2000, 1800, 1700, 1600, 1500, 1400, 1200, 
and 1000 kelvins. The entries of vector Q were 

39. 8800 Ar 0.3000 Al02 1230.0000 CO2 
0.0700 Ca 0.2800 Cl2 0.0000 Cs 
o. 9500 Fe 650. 2000 H2 29.0000 K 

3396.0000 N2 0.1500 Na 349.2000 02 
5.0000 s2 4.4800 Si02 

in gram-moles . The initial guessing coefficients for all four runs were the 
same so that the effort to calculate the first two (highest temperature) 
compositions was the same in all five runs. 

The data bank used caused the program to calculate the quantities at 
equilibrium of each of the following species: 

Gas Phase 

Ar Al02 CO2 Ca Cl 2 
Cs Fe H2 K N2 
Na 02 S2 Si02 e-

Al AlO Al(OH) 2 Al20 co 
cos CaOH Cl CsCl CsO 
CsOH FeO Fe(OH) 2 H HCl 
H20 H2S KCl KO KOH 
N NH3 NO N02 NaCl 
NaO NaOH 0 OH s 
so 
AlO -+ 2
K 

S02 
CN-
NO-

S03 
CO2 -

N02-

Si 
Cl-
Na+ 

SiO 
cs+ 
0 

OH- 0 -2 SH- so- S02 -

Slag Phase 

Al 203 ( £ ) Al 6 Si2013 ( £ ) Cao(£) CsOH( i, ) 
FeA1204 ( £ ) FeO(i,) KA102( i, ) K2Si03 ( i, ) 

NaOH( i,) Si02( i, ) 

Condensed Seed Phase 

K2C03 ( i, ) K2C03 ( c) K2 S04 (i,) K2S04 (c) 

a total of 79 species in three phas es . 
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Compositions for the 11 temperatures were calculated using five different 
sequential guessing schemes as follows: 

Scheme I: Guesses for new temperature are exactly the same as answers 
obtained for immediately preceding case. No temperature or other adjustment 
is applied to either component guesses~ or to total mole guesses N, Nk . 

Scheme II: Guesses for second temperature same as answers for first 
temperature (as in scheme I). For third and successive temperatures, the 
guesses are taken to be X3 = X2 X2 /X1 where and X2 are answers for theX1 
preceding two cases. This estimation scheme applied to N and Nk as well as 
to X1 • 

Scheme III: Like scheme II except old values for Nk used, 

Scheme IV: Answers for first temperature serve as guesses for second 
temperature (as in I and II). For third and succeeding temperatures, the 
guesses are taken to be given by 

as in section 6. This guessing scheme is applied to both components and to 
the Nk . 

Scheme V: Same as scheme III except that guesses for the Nk are taken to 
be the answers from preceding (higher temperature) problem; that is, we do not 
apply the logarithmic guessing to Nk--only to the~. 

In table D-1, which shows the main results using the five schemes, we 
give the following information. The subcolumn of numbers subheaded INV is the 
number of matrix inversions and the subcolumn subheaded ITR is the number of 
iterations around the main computational loop to obtain convergence using the 
scheme I, II, III, IV, or V. The total elapsed time to load the program, call 
in the data bank and compute the 11 cases is shown at the bottom of the 
respective columns I, II, III, IV, or V. The time shown includes all time 
necessary for I/0 operations so it is only a relative measure of computing 
speed, The time figures do not include time to run the property calculation 
satellite program. 
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TABLE D-1. - Comparison of running time for five distinct sequential guessing schemes 
used with present algorithm to solve eleven typical problems 

Scheme I: Scheme II: Scheme IV: 
OLD ANS X3 =X2 X2 /X1 Scheme III: ln(X3 ) Scheme V: 

Temp K -+ NEW N3 =N2 N2 /N1 X3 =X2 X2 /X1 ln(N3 ) ln(X3 ) Ngas Ns la g Ns e e d 

GUESS 
INV ITR INV ITR INV ITR INV ITR INV ITR 

2500 5 10 5 10 5 10 5 10 5 10 0.55261 0+4 0.00001 0+0 0.00001 0+0 

2400 8 9 8 9 8 9 8 9 8 9 . 54721 0+4 . 31871 0+1 .00001 0+4 

2300 8 11 3 6 3 6 3 6 3 6 . 543010+4 .495710+1 • 00001 0+0 

2000 14 18 23 28 22 25 4 9 3 8 . 536510+4 .56711 0+1 .00001 0+0 
I 
I 

1800 25 28 3 8 3 I 8 4 9 4 9 • 53481 0+4 .57431 0+1 .00001 0+0 

1700 9 11 5 10 5 10 3 8 3 8 .53451 0+4 . 577010+1 . 00001 0+0 

1600 7 10 3 8 3 8 2 7 2 7 .53441 0+4 . 57881 0+1 .00001 0+0 

1500 12 20 6 11 6 11 6 11 6 11 .53261 0+4 . 57801 0+1 .68591 0+1 

1400 13 18 5 11 5 11 5 11 5 11 .53201 0+4 .57591 0+1 .93591 0+1 

1200 30 36 31 36 28 33 7 16 7 16 . 531810+4 .57561 0+1 .100310+2 

1000 68 78 18 27 17 25 5 15 5 17 . 53181 0+4 . 57141 0+1 .10351 0+2 

Elapsed I 
time ... 19:16 11:38 11 :07 6:44 6:41 - - -
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Numerous conclusions are to be drawn from table D-1: 

1. Scheme Vis the fastest both for total time to solve the 11 composi­
tion problems and also the fastest for all but one individual problem. 

2. Scheme IV is as fast as scheme V except that in temperature ranges 
where there is sharp curvature in the total number of moles in a condensed 
phase, the scheme may result in overestimation of the number of moles in a 
condensed phase. The program takes a long time to recover from such over­
estimates (compare the schemes III and IV at 1200 K). 

3. At temperatures where the overestimate problem does not occur, 
schemes IV and V are equally efficient (as are II and III, to each other), 
even though it might seem that the careful guessing of quantities in condensed 
phases might help scheme IV over scheme V (and scheme II over scheme III). 

4. A guess of O mole in a condensed phase does not of itself cause an 
appreciable slowdown in the calculation for a given temperature when the 
guesses for the components are good. (See schemes IV and V, 1600 K.) 

5. Both schemes IV and V are faster than schemes II and III, partic­
ularly when temperatures are not uniformly spaced. (Compare total time and 
schemes II, III, IV, and Vat 2000 K.) 

6. Scheme I is inferior to other schemes in the large and for particular 
temperatures, except overestimates of Nk 's cannot occur. Scheme V, of course, 
shares this advantage with scheme I. 

Finally, we give the complete calculated compositions for the 11 cases 
mentioned, as an example of the capability of the program when used with a 
large data bank. 

The fact that the cesium input is zero for each problem demonstrates that 
the program avoids the implied Jacobian singularity. 

The reader concerned with the long elapsed times shown in D-1 should note 
that the larger current machines (6600, 360-75, etc.) have cycle times which 
are easily 20 times less than the cycle time of the machine on which these 
calculations were made. Another consideration is that the time for an equi­
librium calculation is virtually proportional to the cube of the matrix size. 
On this basis, the problems demonstrated here are necessarily 11.94 times 
slower than would be simple 7-element gas phase problems (163 /7 3 = 11.94), run 
on the same machine with the same program. 



II c; tllJ MI \jf c; 5 10 L,.) 
N 

STOICHIOMETRY 
,1q~At+02 
,65n2t+n 3 

(GMOL! 
AR 
H? 

FOR CASE IDENTIFIFO Ac; SPfljCER/OR~!N~ ]•PHASE DEMONSTRATION 22lASH 
,lOOOt OJ ALO? ,12 30 t+ 04 CO2 ,7000t•Ol CA ,28001 00 CL2 
,?.9001•02 K ,119~f+ 04 N2 ,!Soot 00 NA ,3492- ♦ 03 O?. 

,oooot•oo 
,soooa1•01 

cs 
s2 

,9500JI 00 
,4480t•Ol 

FE 
Sl02 

PRFSSIH>f = !,on AT "i , TEMPERATURE= 25 00 l)F l;K 

EOUIL !f<R! UM MOI_AR tllJANTITIES 
TflE A1 r,A5 ••, • ••,

,147flt 00 FE 
,641,At 00 <;IO? 
,?Aq4t- 04 C O c; 
,144'it 00 FF IOH) 2 
, l 11',?t+ 02 KOH 
,3'1071-0l NAOH 
,\ROOf-06 <;! 
t111'it 00 I( ♦ 

, 1 n11 t-OS 5'1• 
r,LAc:;s , , • , • • •• • • 

,O~OOf+OO KALO? L 
51JLF, A\jO CARil,. 

,3Q8'lt•02 
,?44St+02 
,1Jl1t 00 
, 69lflt·Ol 
,92)2t•Ol 
,1260t-02 
,114H+Q;> 
,1A '.Bt•OI 
,2976.t-05 
,A6AAll•05 
.oooot•o o 
,OOOOt•OO 
.nnoot+nn 

4R ,21?7t-n ;, 
H2 ,14 52t+O? 
E­ ,4?? 0t - n, 

C40-i ,17 ?lt -n l 
H ,6'i14t- 01 
N ,ll 'iJt -n ,, 
0 ,4 5<;bf+ O? 
SID ,54,lt- nt 
NO• , 4",C,',ll-04 
SO• , 201,6t - n? 
AL2 J3 L .o noo t• no 
K2SI03 L,Oonot+n o 
K2CJ 3 1. .noo ot+no 

/I LO ? ,98?.7Jl+03 
I( ,3378;1+04 

AL ,1569.t-03 
CL .nono••oo 
HCL ,S9Jot•o3 
MH3 ,369hll+02 
OH ,34'1Jt-02 
Al.02. ,52",0Jl-07 
NO ?­ ,240?ll•04 
S02• 
MUL LTTE ,oooot•OO 
NAOH L ,OOOOt+OO 
1<2C0 1 C ,oooot+OO 

CO2 
N2 

ALO 
CSCL 
H20 
NO 
s 
CN­
NA+ 

CAO 
5102 
K2S04 

L 
L 
L 

,Bl62t-o3 
,l078t 00 
,2923.t 00 
.0000;+00 
• 7238t-04 
,944St-02 
,3698;1 00 
,0000.t+OO 
,67551-03 

,00001+00 

.0000;+00 

CA 
NA 

AL(OH)2 
cs 0 
H25 
N02 
so 
CO2• 
o-

CSOH L 

K2504 C 

,466eit-o8 CL2 .oooot•oo 
,ll5tt•03 02 ,lllOt•OS 
,3448,t•OA "AL2D ,2473it•03 
.0000;1•00 CSOH ,4577- 00 
,4701.t 00 KCL ,2673JI 00 
,12ooa1-02 NACL ,l909t•02 
,9622t•Ol 502 ,2585t-02 
,632Qt•02 CL• ,0000;+00 
,ss2aa1•02 OH• ,16S9t•o3 

,oooot•OO FEAL204L,0000t•OO 

cs 
S2 

Co 
FEO 
KO 
NAO 
503 
CS• 
02-

FED L 

MOLAR FRACTION<; WITHIN PHASES 
Jl) f. AI r,AS ""'" 

,6?Q4t-n4 FE 
,117 0 t-o3 c;IO? 
,;711•-nH r n s 
,?6i4t-o4 FF(OH)2 
,;,41,4t-02 KOH 
.7n7Qt-n 5 NAOH 
,1?57t-10 51 
,2]7Qt-n4 I( ♦ 

,1R?9t-n9 c;H-
r.L ASs •••••••••• 

,nnnot+oo KALO? L 
SULF, A~n CARR,, 

,7?)6ll•02 
,44?.5t-Ol 
,2 01 4.t-04 
.12s2a1-o• 
,1667.t•O ?. 
,??'IOt-06 
, 2Q 7ht-02 
,693ht•Ol 
,51A5JI-OQ 
.1;12,-0~ 
.onoot+o o 
,noooa1+00 
,OOOOt+OO 

4JJ ,3~4 •H-n1, 
He ,26 ?7t - o? 
E- ,76 16 t- n~ 

CAO-i ,ll1 4 t-n c; 
H ,117 9 t• 04 
N , ?.448t - n4 
0 ,q?4 St - n?. 
SID ,9~;,Ht-n., 
NO- .~4?3t- n4 
so- ,37 39t - nh 
AL211 1 ,ono oi+on 
K2ST03 L,onoot,nn 
K2Cl1 L .on oo t+o n 

ALO? ,1778.t 00 
K ,hi JU 00 

AL ,?819.t-07 
CL ,0000••00 
HCL ,)01,9;1 00 
NH3 ,668F!t-02 
OH ,h300ll•06 
AL02- ,95)H•l! 
M0?• ,4347ll•08 
502-
Milli. TT[ ,oooot+OO 
NAOH L ,000 0.t+efo 
K2C01 C ,0000.t+OO 

CO2 
N2 

ALO 
CSCL 
H20 
NO 
s 
CN• 
NA+ 

CAO 
SI02 
K2S04 

,1477ll•06 
,19Slt•04 
,5289t-04 
,0000.t+OO 
,1310"•07 
,1109.t-os 
,6692.t-04 
,0000.t+OO 
,1222it-06 

I_ ,0000.t+OO 
L 
L ,00001+00 

CA 
NA 

Al(0H)2 
cs 0 
H25 
N02 
so 
co2-
o-

CSOH L 

K2504 C 

,8447.t-12 
,2082.t•Ol 
,6239it•l2 
,0000••00 
,850711•04 
,217Jt•06 
,)74}it•02 
,ll44t•os 
.1000.t•os 

.ooooit•oo 

CL2 .0000••00 
02 ,2009;-09 

AL20 , 44 75t•O l 
CSOH ,8282Jl•04 
KCL ,lt836Jl•04 
NACL ,3453t•06 
S02 ,4678t•06 
CL• ,000011•00 
OH• ,3002Jl•07 

FEAL204L,0000t+OO 

cs 
S2 

co 
FED 
KO 
NAO 
S03 
CS• 
02-

FED L 

MO LAR ()IJA \jf l TY ( GR AM•M1LE S I 
AVFRAGF MOLFCULAR <FIGHT ( AM IJJ 
MASS (KlLOG~AM<;) 
VOL iiMF ( CU BI C-MErER S l 
OENS ITY !~rLDGRAM5/CU~lC M: TE HI 
ENTR0 Py (GRAMCALOHIES/JEGK) 
REACTION ENT'1ALPY !KIL. llC ALO~JE<;) 
HFAT OF FORMATION (K!LOCALO~!E'>I 
SENSIRI_F '1[AT (K!L OCALO~!ES) 
FROZE N r.P (GMCAL/GMMOL•1EGK) 
AOIAHAT!C FxPANSIO~ COEFFIClfNT 

lllFALGAS 
,'> 'S 26t+Ot, 
, ;> ·,A9t+ O'> 
,\ '>52 t+01 
, Jl3 4t+0 4 
,1 457t 0~ 
, ·H46t •O"' 

-,1927.t+Oo; 
•• \ l20t•O'­

, I 127.t+n" 
,1 024 .t+O? 
,),'4),t •1 

GLASS•• SULF, AN MIXTURE 
,oooot•Oo ,oooot•OO ,S526t•04 
,OOOOJl+OO .oooot+OO ,29A9it+02 
,OOOOt+OO ,ooon;+OO ,1652Jl+03 
,OOOOt+OO .oooot+OO ,ll34t+04 
,oonot•oo ,oooot•OO ,1457.t oo 
,ooont•oo ,oooot•OO ,3746t+06 
,OOOOt•OO .oooot+OO -.1927it+OS 
.oo oot•OO ,OOOot+OO •,l320t+06 
,OOOOt+OO .ooooit+OO ,1127t+06 
,OOOOt+OO .ooooJl+OO ,1024t+02 
SONIC SPEEO (METERS/SECOND) 

OF.RYE I FNGTH ('1f TFRSl ,3fll+2qt• 06 FLE CTRON llE"SlTY 
COEFFJr.lE~TS FOR OHM,S LA~,. SIGMA= SCAL/IH CONO (M40/'1ETER) 
AETA2 (ASSI JMIN(l Z~RO 10N SLIP! , so .. -v OL T/TfSU-N~WTONI 
.. AG NE TJC HIDUCTJON (ABS Rl !T ES LA) . noon it+ OO .2onnt ♦ OJ 
CHI (MF.TER•OHM/TcSLAl ,I OSh t 00 ,\05ht 00 
HAI. I_ P/IRA'1FTER ,n oon t•OO ,!4'i3t+Ol 
PST !._.ETF.R•OH'1/SO T~SLAl , 1 75nt •04 • 7571al•05 
THfTA? IVOLT/T F. SL4•JEG K) ,JJ27t- 05 ,<;741t•06 
THETA] (VOLT/SQ TFSL4•JEG ~ 1 -,75 ~,it-06 -,32q7;1-~1, 

!PER M+3l,S9ll3it+20 COLLISION FREQUENCY 
,b880t•Ol BETA! (SQM-VOL T/NEWTON) 
.ooooa1•00 THETA! (VOLT/DEGKl 
,4000.t•OJ ,6000.t•Ol ,8000t•Ol ,l000t•02 
,IOS6t on ,l056it oo .1056,t oo ,1056,t 00 
,2906t•OI ,4359.t•O! ,S8l2at•01 ,7264,t•Ol 
,2803t•O S ,1368.t•OS ,796St•06 ,5183.t-06 
,2126.t•O~ ,1037t•06 ,604Q,t•07 ,3930,t-07 

-,1217;1•0~ -,5936;1•07 •,3457,1-07 -.225011-07 

SEC> ,24220it+l2 
~.1056,t 00 
-,231a;-os 

.12oot•o2 
,1056;1 00 
,8717Jl+Ol 
, 3632"-06 
,2754t-07 

-.1576,i-07 



IJ 5 HII "11 \JFS PGH F.NERnv HES CTR "1 UL T! PHA5E FQUIL IH<>TIJ., PR OGR AM (ALGQLI OlMAY72 IIERSIQN6 8 9 

sTnICHtnMETRY (GMOLJ FOR CASE ! OE\JT!Fl~n AS S?ENCE R/nR NlN A J •P HASE DEMONSTRATION 22iASH 
, 1QAAt+n2 AR ,1 0 00, 00 AL02 .1 21o t+ n4 CO2 .10001-01 CA .20001 00 CL2 .00001•00 cs ,95oot 00 FE 
,65 021+03 H2 , 2QO Ol+O I K , ]]96 t+ 04 N? ,15 00 1 00 NA ,34921•03 02 ,50001•01 s2 ,4480t•Ol SI 02 

[QIJ I L l'1 R! JM MOI _AR 111A"IT! TI ES 
!flEAI.GAS , ,. ,. ,. ,3QRA t+0 2 AH , 377?. t•nl ALO? ,)05 31•04 CO2 ,14341•03 CA .21611-08 CL2 .0000"•00 cs 

,1 445t no FE ,17541• 02 H2 ,l?Zlt+ o? K , J3A3t•04 N2 • 988H•O I NA ,05os1•02 02 ·"8941•06 S2 
,31 17t 00 510? ,6359t-Ol E- ,1A64t- nA AL ,l"OOl-04 ALO .1006; 00 ALCOH)2 ,11241•09 AL20 ,1769-•03 co 
,1 A?7t - n4 CO S ,1Q92t•Ol CAO~ , Qo?4 t- n? CL ,00001•00 CSCL ,00001•00 cs 0 .00001•00 CSOH ,2330; 00 FEO 
,1 1Q7t 00 FF.(OHJ? ,4Qllt+Ol H ,45431-nl HCL ,6065-t•03 H20 ,4)401•04 H2S ,4999" 00 KCL ,2015; oo KO 
,1 SQ1t+02 KOH ,4784t• 01 N ,Q 24o t- ns NHl ,2b 58 il•02 NO ,6565"•02 N02 ,135011•0?. NACL , 1591"•02 NAO 
,4R1At- Ol NAOH ,5A74t+ Ol n , ]OAJ t+ O?. OH ,\4A21•02 s ,23751 00 so ,9757t•Ol 502 ,27241-02 S03 
• ?740t-o7 ST ,15441+0\ 510 ,l ]SB l• O? AL02• ,)9531•07 CN• ,00001.00 CO2 · ,42841-02 CL• ,00001•00 CS• 
,7 470t-nl K• ,1373t•OS 1110 • , 3?63t - o4 N02 - .1211,;-04 NA• ,29321-03 o- ,34131•02 OH• ,85)01•04 02• 
, 4R4?t - 06 SH• ,4144t-05 SO• ,1 6SSt - n2 S0 2-

r,LA ~s •••••••••• .R11 e ,- 01 AL2 :l3 I , 19SH - n?. MlJLL TTE ,49Q41•01 CAO L ,00001•00 CSOH L ,55581•03 FEAL204L.4322t 00 FEO L 
, 2?45t - Ol KALO~ L ,3 065 t- O\ K2S!03 L ,1Q45t-n~ IIIAOH L , 25~ A-•01 5102 ~ 

SIJLF , A'JO CARil ., .n o oot+ On K2CJ3 L . nooo t+ 00 K2C01 C ,00 00 -t+OO K2S04 L ,00001•00 K2S04 C 

MOLAR FRACTION<; WlfH!"I PHASES 
!f)f.AJ ';AS ., , • ,. , , 7?RQl-0 2 AR , 6AQ4t•n 7 ALO :> ,19?5" 00 CO2 ,26201-07 CA ,395ot•l2 CL2 .0000;•00 cs 

,?640t-04 FE ,3 206t • 02 Ht ,?. ?1l t• O? K ,ir,1'! 21 00 N2 ,18071•04 NA ,1554;-01 02 ,89441•10 S2 
, 6100t - 04 s ! O~ ,))62t -o~ E- . 6AQ 7t-1 0 AL ,3471-t-08 ALO ,18391-04 ALCOH) 2 ,2054;-13 AL20 ,32331•01 co 
,7 q741 . 0B COS ,36411- 05 CAO ~ ,)A49t•n~ CL ,ooo o t•Oo CSC L ,OOOOll•OO cs 0 ,oooo.,•oo CSOH ,425911•04 FEO 
, ?SS4t - n4 ,[( OH)?. ,RQ7Sl•0 3 H ,9103t-o~ HCL ,ll 09 t 00 H20 ,75661-0B H2S ,913711•04 KCL ,36a3;•o4 KO 
,? Q12t-n?. KnH ,8743t-07 Ill ,l6R9t-nH IIIH3 ,48571•02 NO .12001-05 N02 ,246Al•06 NACL ,2908-•06 NAO 
,R ROSt - oS NAOH ,) n73 1•02 0 , 5614 1-02 OH ,?70Ql•06 s ,43401-04 so ,17831-02 S02 ,4978-•06 S0 3 
,Sn o7t-J) ST ,2A221-0l SIO ,?.4All-Oh AL02- ,'.'157 o t•ll CN• ,00001•00 CO2• ,783Ql•06 CL• ,0000;•00 cs • 
o11h51-n4 K+ ,2510t•O~ NO • , 59h3 t• OM NO? - ,7.3 32 t•08 NA• ,53581-07 o- ,62381•06 OH• ,155511•07 02-
,R RSOt - 10 <; H- ,7940t-O Q so- ,30?4t-n6 sn2-

GLAS<; •••••••••• ,?54Al-01 AL2J1 L ,6\4 0 t-n1 MULLTTE ,1Sir,7t•OI CAO I ,00001•00 CSOH L ,17441•03 FEAL204 L ,1356t 00 FEO L 
,70461-07. KAL O:> L ,9617t•02 K2S I03 L, 6!0"> t• Oh NAOH L ,ROSAi 00 SIO?. L 

SIJLF, A'Jr) CAoH.. ,o ooot • OO K2C:)3 I ,00001+ 00 K2C01 C . oono it+OO K2S04 L ,00001+00 K2S04 C 

TOE ALGAS GLASS ,, SULF, AN MIXTURE 
MOLA R <lllh'JTI TY CGHAM•MJLESJ , ',4 7?-t•04 ,3187it•Ol ,OOOOl•OO .54751•04 
AI/E RAGF M~LFCULAR ~FIGHT I AM II) , 3015t +O:> ,641 01 +02 .ooon1•00 ,30171•02 
MASS ( K!LOG~ AM 5) ,Jh50t +01 ,20431 oo .00001•00 ,16521•03 
VO LIJ'1F CCII B I C•'IE. TER S l ,1 0 7At+0 4 ,Al61,t•04 .00061+00 ,10781+04 
l>ENSITY ( ~TLOnR AMS/ CUHIC METE R ) • 1,3 1it on ,250?t•04 ,00001+00 ,15331 oo 
FNT HO PV IGRAMCALOHIES/)EGKJ , 369lt •0'- ,1ss1t•03 ,oooot•OO ,3693t•06 
R[hCTTnlll FNTHAJ.PY CK!L OCALO~ !E S J ·, 3 ll.>4l• Os -,511., 2 1+03 ,nooo1•00 •,32161•05 
HEAT n, F ORMA TION CK!L OCALO~TE S) -,1187t+ 06 -,637ot•03 .00001•00 -,13931+06 
SENS!RJ F HFAT (K ILOC ALO~ !E '-l .1 0 11;+ 01, ,t2 oR t•03 ,00001•00 ,10121•06 
FROZEN Cf' ( GMCAL / G"1'10L •)f. GK) , l~3lt•O:> .2014t•o2 .60001•00 .10311•02 
AOTA~~TTC FXf'ANS!O~ COEFFIC!E'JT , J;>3Q t ., SONIC SPEED jMETERS/SECOND ) 

nFRYE I FNATH ('IF.TERS) ,4 R~O; ;- oir, FLEC TgQllj DE~SITY (PER M+3),355"11•20 COLLISION FREQUE NCY cPER SEC l • 25042- ♦ 12 
COFFFTClf'Jy<; FOR OH~ , s LAW,, SIGMA= SCALAM CO ND (MYn/~FTER) ,40021•01 BETA! (SQM•VOLT/NEWTON) •,17561 00 
HETA2 (A'i5UMTNG l"R O !ON SLIP) CSQ"l•VO LT/TF.SU•NFWTONl .OOOOl•OO THETA! (VOLTIDEGK) -,321511•05 
MAGNETIC I NOUC T! ON (ABS Al (T ESL•l , OUOOt • OO .2no o t• OI ,40001•01 ,60001•01 .aooo;•o1 .1000;•02 ,12001•02 
CHI ('1FTER- LlH"1 /T ESLA J ,)757" 00 ,17SU no ,1756t on ,1756; oo ,17561 00 ,!75bl 00 , I 7561 00 
HALL PADA'IFTER .o oont +O O ,\4061•01 ,2012;•01 ,42171•01 ,56231•0! ,70281+01 ,84341•01 
PSI CMETF. R•O HM/S Q T~S LAJ ,SS 7~t•04 ,?4:>1t-n4 ,89861•05 ,43871•05 ,25ss1-os ,1663t•0 5 ,11651•05 
THF.TA:> CVOLT/T ~'.SL A•) f.GK J ,18 34 ;t-OS ,791,Al•Ob ,29551•06 ,14421•06 ,04021-01 ,541,1,-01 ,38321-07
THF.TA1 (VOLT/SQ TESL A-)EG KJ -,1 0 4.,,-o s -,45451• 06 -,16861•06 •,82281-07 •,47931•07 -,3Jl9t•07 -.21861-01 

https://FNTHAJ.PY
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PGH F~ER GY AES CTR "I UI T! PHASE F'llJ tLTRr>f lJ "I PR()GAAM (ALGOL) 01MAY72 IIERS!ONb 3 b 

STn!CHl()"IETRY cGMrJ L1 FOR CASF. !DENl!Fl[n A<; s~FNCER/OA~ I N~ 3-PHASE DEMONSTRATION 22iASH 
, 3gHH t• o2 AR , 3000 t on AL02 ,l?l 0'• 04 CO2 ,7ooot-01 CA .28QOil 00 CL2 .oooot•oo cs e9500li 00 FE 
, h<;O?t,n3 1 ◄ ? , 7400t +O,! K • ,141:, t, 04 N? , ,s oo t 00 NA .34gzi1+03 02 ,soooi1•01 s2 ,4480t•o1 s102 

PRES SIIQF : 1, 00 AT._., TF.MPERAT~RE 2100 nFG~ 

f':<lll llln1>T U'-' M()1 AP 111ANT!TIES 
TOE rq t',/\S • • • ••• • ,1q 8At+O?. AR ,BAn 2t - n4 AL O? ,l!09t+04 CO?. ,2953it-o4 CA ,9442t-09 CL2 .0000>1•00 cs 

, 4'i75 t-Ol FE ,l?.16t•O ? H2 ,~A ?O t+ OI K ,33H7t+04 N2 .882411-01 NA ,606011•02 02 ,202511•06 52 
,Q47 h t-ol <;l02 , 31H9t - 01 E• ,347Jt - n7 AL ,?9~ o it-05 Alo ,4804ll-Ol Al(OHJ2 ,b439t•ll AL20 ,120bll•03 CO 
, A<;'i6 t-n 5 C O r; , 6952 t-OI CAO; ,44 47t - 02 CL .no oo t•OO CSC L ,OOOOt+OO cs 0 .ooooi1•00 CSOH ,912bll•Ol FEO 
,1 0A4t 00 FF(OHJ2 ,?47ht• 01 H , )OH2t • nl HCL ,6175t+03 H20 ,2253ll•04 H2S ,5204>1 00 KCL ,1428ll 00 KO 
,1'1? 0t ,n 2 KOH ,lh72t-03 N ,60h Ot - oS NH1 ,lfl4Jll+02 NO e43b511•02 N02 ,1513>1•02 NACL ,1269il•02 NAO 
,'i PQ7o! - Ol >;AOH ,?H29t • Ol n ,\ qqHt , o? OH ,c;B'lH-03 S , 1467i! 00 so ,984Qt•OI 502 ,2846t•02 503 
,?1 01 t- Oll r;J ,l 38 7t on 51 0 ,44'i4t- ni AL02- ,h3~4t•08 CN• ,OOOOll+OO co2- ,2736ii•02 CL• ,OOOOt•OO CS• 
,4 n44 t-ol K• ,570~t-o h N()- , 2 t14t- n• N02 - ,647At•05 NA+ .114811-03 o- .1945>1•02 OH• ,397lt•04 02• 
,?1 ?11 - 06 <;H• ,1Q94il-O ~ SO• ,l? 'iHt • O? 502 • 

~ LA <; <; • • • • • • • • • • ,9AA4t•OI AL2 J3 ,l? 'i3 t- n? '11JLLITF. ,630?t-OJ CAO 1 .oooot+OO CSOH L ,3592t•03 FEAL204L,7042ll 00 FEO L 
,4'i5?t - Ol KALO? L ,lt74t on K2S!01 L, 51431 - 0'i NAOH L , 39?.6t•OI SI02 L 

SULF, ANO CA<lH ,, ,nnoot•O n K2CJ3 L . onoot,nn 1<2co1 c ,oooot•OO K2S 04 L .ooooll+OO K2S04 C 

MOLAR FRACTI ON<; ~!THIN PHASES 
f()(AJ GA5 ,. ., ,. , , 71441•0? AA , 16?lt- n I AL (, -, ,2043; 00 CO? ,5438t-08 CA ,1739t·12 CL2 ,00001•00 cs 

,A4 ?ht- 05 FE ,223 '11•0 2 H2 , IA0 8t-O? K ,623H 00 N2 ,lb25ll-04 NA ,1116>1•01 02 ,37301•10 52 
, ! 745t-04 'i!O? ,b 240 t• 05 E· ,71t 3t • 11 AL .~41?t-09 ALO ,8847ll•05 AL(OHl2 ,1186>1•14 AL20 ,222oi1-01 c o 
,l 'i76t - nA C O r; , 12Ant - OS CAO~ , A?q lt• n~ CL , onno t•Oo CSt.L ,0000"•00 cs 0 .0000>1•00 CSOH ,168lt•Q4 FEO 
,\ QQ7t-n4 FE(OMJ?. , 4560t • Ol H , 5~7~t - 05 HCI. ,!117t 00 H20 ,4148ll•08 H25 ,9584>1•04 KCL ,2b30il•04 KO 
.11 c;1t-02 1< 011 ,1 0 1•u-01 '-I ,l!J 6t - n~ NH1 ,139\t•O? NO .8038t-Ob N02 .2785>1•06 NACL ,233bil•Ob NAO 
,1 nAh t- n4 ~AOH , S?lOt-Ol 0 , 3,.AOl • O? (1H , I 0%ll·Ob s ,2702"-04 so ,1814>1•02 S02 ,5240il•06 503 
,1A731 -l ~ 51 ,6?37t-04 'i!O , 9?031 - 0 1 AL0? ­ ,11'71.t-ll CN• .ooOOll+OO co2- e5038ll•06 CL• ,oooot•oo CS• 
,7447t-o 5 K+ ,I OS!t -O Q NO• , ]Q]OI - ON '-102 - ,ll 'l1t-OA NA+ ,2113at-o7 o- .358lii•0 6 QH• ,7312t•08 02-
, 1qn9 t-1 0 <;H• ,1h7 2t•OQ so- . 21 16t - o~ S!1? ­

1;LA<;r; ., ., ., ., ., , 1994t-O l AL 2J l I , 2'i?.7t - Ol MIJLL TTE ,12111-01 CAO L .ooooi1+00 CSOH L ,7245il•04 FEAL204L,142lil 00 FEO L 
,9JR1t-n?. KALO? L ,?17At•01 K2S!03 L,1 07Ht • 05 NAOH L ,792 01 00 SI02 L 

, 0000 ;,o o K2CJ3 L . 00001,nn K?COl C .oono .. +OO K2S04 L .oooOll+OO K2S04 C 

TO,. Al GAS RLA'iS ,, SULF, AN MIXTURE 
MO)_AR r)IIA\JT!TY (G fl4'1 • MlLE<;J , ,43n; , o,, ,4957t+Ol , OO OOll+OO ,5435ll+04 
Allf.RAr,F '1JLECULAA wF. IGHT ( A'111 ! ,1 '1 3h t+O"> ,h5?3ll+02 ,OOOOll+OO e3039ll+02 
MASS ll< IL O<;uw; 1 .t~44t+01 ,32J4t oo .noooi1+00 ,1652t•03
VOL IJM f ( Clltl l C·"'E TF.R <; I .1 0;,c;;,o,, ,121~1-03 ,ooont+oo ,1025;.04 
OEN'i I TY (<ILOGOAMS/C UH IC M~TE OJ ,l hDR t Oo ,?5?.7t•04 ,OOOnt+OO ,1612>1 00 
FNT'lOPY (r,RAMCA LOO IES/lEGKJ , Jh41 t• O,._ ,?42At•03 .ooo ot •OO ,3b46t•06 
RF.ACTION ENTHAI PY (l(!LOCALO~JE'i! ••4 ;) 44;t+(} l; -,AIOAt•03 ,OOOQll+OO •,4325t+05 
HEAT () f F1oMA T! ON (K ! L'1CALO~!E5J •,\ 439 t+Ot­ .,Q9 07"•03 ,OOOOll+OO •,l449it+Ob
SFNSlRI F rlfAT (~!L OC AL O~!E 5 ) ,J 0 14t+O<. ,1109;,03 ,000011+00 ,1016il+06 
FROZEN rP (GM CAL/G,.,40L·)E GK J ,t nJ5 t•O"> ,?09Jt•02 ,OOOOll+OO ,103bit+02 
AD!A HA TTC FXPANS! O\J COEFF I CIENT , 1?3A t +1 SONIC SPEED (METERS/SECOND) 

OERYE I FNGTH (METERS) ,6 2Q6~ t• Oh FLEr.T RON l)f'1 5!TY (PER M~3),]9913ii+20 COLLISION FREQUE NC Y (PER SEC l • 2606511 • 12 
("l')fFFrc:rF\JTS FnA 0 · ◄ ... ,S LAW.. S!G'1A = 'iCA1 . Af< !'.<HID ('-'M0/4FTF.R) ,2155t•Ol BET Al (SQM•IIOLTINEWTONl -,3134,t 00 
AF.TA2 (AS<;UM!N<> Z~RD (ON 'illP! (5(),;-VnLf/Tf<;L~-N~WTON J ,OOOOt•OO THETA I (VOLT/DEGKl •e445bii•05 
MAr.,;Errc ! NOUC T! Oi\/ (AFlS RI IT':SLAI , 0000-t • OO . 2ono t+01 ,4000t•OI ,6000at•Ol ,8000t•Ol ,1000it•02 ,1200il+02 
CHI P<ETER• Q-◄ "IIT =.: SL~l , 1l3 '1t 00 ,11,~t 00 ,3135,i 00 ,3135>1 00 ,3135ii Oo e3135t 00 .313511 00 
HAI.L DA<>A"IFTER ,n OOO-t+OO • ! 3'i ?t•OI ,2703t•OI e4054ll•Ol ,5405t•OI ,6757at•OI e8108ll+Ol 
PS! ('1FTEA•OH"I/S Q T,SL AI , 189n.,-o, .~3,4 t• 04 ,1107t•04 el520ll•04 ,8859>1•05 ,571,7;-05 ,40lt3ll•05 
THF.TA? (VOLT/T ~SLA•lE G~ ! , ?S l ?t - 05 .11n~;-05 ,4129t•06 ,20191•06 ,1177t•06 ,7bb411•07 .5312a1-01 
THFTAl (lln LT/5 Q TESL A- )EG~) -,1 411.t - 05 -.~ 21ht -n 6 •,232All•Oh •,1138t•06 •,6637>1•07 •,432lii•07 ., 3 029i1-01 
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IJ <; HiJ Ml \IF<; PGH FNERGY RES CTR MULT!PHnSE F~ UI LIHo TU~ PROGRAM (ALGOL) OIMAY72 VERSION6 3 8 

ST OI CHT OMfTRY 
-~9 AA t• O?. 
,l,SO ?t • OJ 

!AMOl) 
AR 
H2 

FOR CASF ( DEIIT !FIE O AS SPENCEP/OR~ IN G ]•PHASE DEMONSTRATION 221ASH 
.1000, 00 ALO? ,1 ?10 , ♦ 04 CO2 .1on o t-Ol CA .zaoot 00 CL2 
, 290 0 t• 02 K ,3196 1• 0 4 N? ,1soot 00 NA ,3492t+03 02 

,oooot•oo 
.sooot•ol 

cs 
s2 

,9S00t 00 
,4480t•0l 

FE 
SI02 

PRF SStlnF" l , on ATM, TEMPE RAT URE= 2 0 00 OF.A"< 

E<rntLTARJ UM MOLAR ()II ANTTTIES 
TDE ftl GAS ,.,,.., ,39AAt• 02 

,61,A ] ,- nJ FE ,1\0t,•0 1 
,7 1?7, - nJ <;J O? ,?Q95t-0 ?. 
.7 ~94t- o6 c n <; ,3n47t-oJ 
, 39?6t - o l FF.1 0>-t l? ,2n92t o o 
,?1 A9, • 02 KOH ,]83At-O <; 
,QAR ci t-nl NAOH ,? 099t on 
,1174t- 12 <;I , 975 qt- O I 
.,i11,-n2 K• .2n11,- o, 

AR 
>-12 
E• 

CAO~ 
>-t 
N 
0 
sto 
NO -

, 5A7Bt - Oh 
, 340'lt • OI 
, l 1"1 H-1 0 
,4 442t - n1 
.~ on)t - 02 
,1 2[3t - os 
,4\ A'l t+ l) I 
, q1?nt - ns 
,3 AS6 ,-n s 

ALO? 
K 

AL 
CL 
HCL 
NH1 
() H 
ALOZ -
N02 -

,12 03 t•04 
,1391t•04 
,45 05 t-08 
,oooot•oo 
,6319t•03 
, 5 0 Hlf•OI 
,?.016t-04 
, 7957t-lO 
, 5 71Bt•06 

CO2 
N2 

ALO 
CSCL 
H20 
NO 
s 
CN• 
NA+ 

,1970il•06 
,4844t-ol 
,3873t-02 
.ooooii+oo 
,226Jt-os 
,104st-02 
,250lt-Ol 
.oooot+oo 
,J28lt-os 

CA 
NA 

AL(0H)2 
cs 0 
H2S 
N02 
so 
CO2• 
o-

,7036t•J 0 
,186St•02 
,3246t•15 
.oooot•oo 
,5477t 00 
,2249t•02 
,997Jit•ol 
,546)t•03 
,208oi1•03 

CL2 
02 

AL20 
CSOH 
KCL 
NACL 
S02 
CL• 
OH• 

.oooot•oo 
,758lt•08 
,2666t•02 
,28941'•02 
,3186il•Ol 
,47181'•03 
,33211'•02 
.0000"•00 
.21,1t-os 

cs 
S2 

co 
FED 
1(0 
NAO 
S03 
CS• 
02-

,A1S7t- OB <;H-
r,1 ~AS~ •••••••••• 

,\1 1,Qt 00 KA LO? 
SIJLF. A/\1[1 CAPH ,. 

L 

,9J9Qt-07 
.7Ql!,it- 0l 
,1492,• 01 
. o nont•O n 

so- , 1703, - n i 
AL2 J 1 L ,14 12 t-n1 
K2S J 03 t , 39 J1,t- 04 
K2CJ 3 L . oooo t,n o 

S02 -
MU LLTTE 
NAOH L 
K?co1 c 

,<,97 0 lf-O! 
,298t,t+Ol 
,non ot •OO 

CAO 
S102 
K2S04 

t 
~ 
L 

.oooot+OO 

.oooot+OO 

CSOH 

K2S04 

L 

C 

,2664t•04 FEAL204 L ,9072" 00 FED L 

MOLAR FRACTT0/\15 WITHI N PHASES 
Tl>E AI GAS , ., , ., , , 7434t-0?, 

,l ?4ht - n6 FE , 578 nt- 03 
,11?9t-n6 510? ,5584t•Oh 
,11??t- n9 CO<; ,<;1,B ot-01 
, 71J8t - o5 FE(O~J? , J QOOt-o ~ 
,4n Rot - o2 KOH ,7 \54t-04 
,1A4?t-n4 NAOH ,3Ql]t- 04 
,?S<, Qt-16 SI ,IRIQt- 0~ 
,771 2t - 06 K• ,3 7 4q,t.JI 
,152 0t - l l <;H- ,175?t-l n 

GLAS<; .,.,.,,.,. ,\J96t- 0\ 
, 24J4t - Ol ~ ALO? L ,263lt 00 

SIJ LF, AND CAnR,, ,OnOOt•O ~ 

AR , I n •i1,t-n9 ALO? 
H2 , 1,15St - n3 K 
E• , 3n52t -J 4 AL 

CAO~ , A173 t- n7 CL 
H ,\1,7 Mt- oc; HCL 
N ,2?Alt- 04 NH] 
0 , 7A08 t- 0 1 OH 
SI O , ISS lt- O~ AL0?-
NO - ,71 MA t-O 'l N0?. -
so- , 690]t -n7 502 -
AL21] I ,?4 QO t-n4 MULL TTE 
K2S I0 3 L , 64Q5 t- OS NAOH L 
K2C 1] L . oono, ,n n K2C01 C 

,224 3 t 00 
,63?.ht 00 
,839 8 t-l2 
,no oo t•oo 
,l! A2 t 00 
,Q378t-03 
,3794ll•0A 
,14 M] t•l3 
,\0',6t-09 

,12 2Qt•Ol 
,S265 t 00 
,noo o t+OO 

CO2 
N2 

ALO 
csc1. 
H20 
NO 
s 
CN• 
NA+ 

CAO 
SI02 
K2S04 

i 

L 
L 

,3673t-10 
,9029t-os 
,122ot-06 
,oooot+oo 
,4217t-09 
,l948t-06 
,4663t-os 
,oooot+oo 
,61 l 7t-09 

.oooot+OO 

,OOOOt•OO 

CA 
NA 

AL(0H)2 
cs 0 
H2S 
N02 
so 
CO2• 
o-

CSOH L 

K2S04 C 

,1312t•l3 
,347t,t•02 
,605lt-19 
.ooooii•oo 
,1021t-03 
,419Jt•06 
,J859t•02 
,101ei1•06 
,3877t-07 

,4697t•05 

CL2 .0000-•00 
02 , 1413-•ll 

AL20 ,4q691'•02 
CSOH ,5394t-06 
KCL ,593et-os 
NACL ,87941'-07 
502 ,619lt•06 
CL• ,oooot•oo 
OH • ,3991-•0'l 

FEAL204L,l600t 00 

cs 
S2 

co 
HO 
KO 
NAO 
S03 
CS• 
02-

FEO L 

MOLAk /J IJAIITTTY ( G~ Al'•M J LE<;) 
AV f.RAr,F' MOLEC llL AR ,iF!GHT ( AM I)) 
MAS5 (KILOG~A'I<;) 
VOLUME (CU BIC-'11: TER S) 
DENS ITY , ~ TL OGR AMS/C UH IC M~TE R) 
FNTR OPy (GRAMCALO ~ IES/)EGK) 
RE ACT I ON ENTHA LPY (K!L OCALO~!E'il 
HEAT OF F0P"4ATJON ( K!LOCAL O~!E<;> 
SFNSl'l t. F -iFAT (KIL OCAL O~IE Sl 
FROZEN CP ( r.M CAL/ G~~ OL•)E GK ) 
AOIA~ATTC FXPANSJON COEFFICIENT 

IO EALG AS 
,Sl6St•04 
,.l 0 70 t•O~ 
,l<,47t+01 
,RH0 St •01 
,I M7 0 t 0~ 
,1 S25 t•Oh 

-,t,7 5 1t• Os 
-, I S 22t•O'-

, A473 t•Os 
,1 03 4t ♦ Q? 

,1 23Rt +1 

GLAS S ,, SULF, AN MIXTURE 
,S67It•OI ,oooot•OO ,S37ot•04 
,AB 2 2t•02 .oooot+oo ,3076t+o2 
, SOOJ t oo .ooont+OO ,1652t+03 
,1111t-03 ,oooot•OO .esost•03 
,?9J4t•o• ,ooont•OO ,1876t oo 
,J121t•03 .oooot+oo ,Js2et•06 

-,10Alt•04 ,nooot•OO •,6859t•OS 
-,IJ 07 t•04 ,OOO~t+OO •,1535t•06 

,2260t•03 .oooot•OO ,849St+OS 
,262•t•o2 .nooot•Oo ,I036t•02 

SONIC SPEED (MEiERS/SECONDl 

Of.RYE LFNGTH (MFTERS),!62 3 ;t• O<; F'LECTRON DENSITY 
COfFFTCTFNTS FOR 0 -1H,S LAW,, SI GMA = <;CA LAR cn~D ('IMO/~FTERI 
RETA2 (ASSIIM TNr. ZERO ION SLIP ) (SClM-lil'LT/TFSU-N~WTON) 
AAGNETTC INDUCTION (ABS R) (T ESL A) . ono nt•O O .2onot•Ol 
CHI (METER- OrlM/T f SLA) .1o&nt+O\ .1os1t•n1 
HA LL PAPA~fTER .ooOnt•O O ,IJq9t•Ol 
PST (METER•OH~/SQ TESL A) ,7 5 flt-0 2 ,15<,4t•02 
THFT A? (VOLT/T t: SLA-1EG K) ,4 9 4ht- 05 ,:>]?At•05 
THFTA J (V OL T/SQ TF SLA-)EGK) •,?62?t-05 -, 1214it•O S 

(PER M;3 ),?049lt•l9 COLLIS I ON FREQUENCY ( PER 
,1947t on BETA! (SQM•VOLTINEWTON)
,OOOOit•OC THETA! (VOLT/DEGK) 
,4000t•0l ,6000t•0l ,BOOOt•Ol ,l000t•02 
,3049t•0t ,J047t+0l ,J047t•O! . 3047t•OJ 
,237St•0t ,356Jt•0l ,4747t•Ol ,5933t•Ol 
,1377it•02 ,6809t•03 ,3987t•03 ,260lt•03 
,8997t•O~ ,4448t•06 ,2604t•06 ,!699t-06 

-,4770t•O~ •,2358t•06 •,l38lt•06 •,900Bt•07 

SEC>,29806t•l2 
-,30~6t•Ol 
-,9329t-05 

,l200t+02 
,30"7t•O ! 
• 7119t+Ol 
,1825t-03 
,1192it-06 

-,6322t-07 
w 
V, 



II <; •llJ MI 'IF<; PGH F.NERGY RES CTR MULTPHA<;E t:: ·JII JL!RoJ UM PR() r,RAM CALGOLI OlMAY72 IIERSION6 4 9 w 
CJ\ 

STll!CH!'1MF.TRY (f,MOLJ Fl)R CASE !:) ENT JF! Fn Ac; S" ► NCER/nR• , 1 w; 1-PHASE DEMONSTRATION 22!1\ASH 
.1Qq At+ n?. AR .3nO Ot 00 ALO? ,l?1 n t+ 04 CO2 .1000,-01 CA ,2800t 00 CL2 ,0000,1 ♦ 00 cs ,9500t 00 FE 
.hc:; 02 t+ 01 H? ,2QOOt•0 2 K ,33 Qb t+ 04 N2 ,1s oot 00 NA ,3492t+03 02 ,5000t•Ol S2 ,4480t•Ol SI02 

E'l i> !LT'1<H JM MOI.AR 'llJAN TIT.lrS 
T0 f.AL~~5 ••••••• ,39A ~ t• 02 • 1no1'lt- nH AL 0 ? • 1224t•04 CO2 ,2403t-08 CA ,13lot•JO CL2 ,oooot•oo cs 

,1 4?4t-04 FE .A171t on , l n?'lt • n I K .13Q5t+04 N2 ,2223t-Ol NA ,8974,t•Ol 02 ,2652t-09 S2 
,4 AHn t-n 5 c;J O? ,3054t-03 ,14 01,t -1 1 AL .13'iQt-lO ALO ,3298t-oJ AL(OH)2 ,3426t•l9 AL20 ,6060t•Ol co 
,5114t- nl CO c; ,1960t- 04 CAO~ . B;>q2t - o4 CL , ooont•Oo CSCL ,OOOOt+OO cs 0 ,oooot•oo CSOH ,1349t-03 FED 
•l 47?t - n l FF.( 0~12 .?1Aht- Ol H • 31111:1t-n? HCL ,h3At,t+03 H20 ,209211-06 H2S ,5528t 00 KCL ,7525t-02 KO 
,? n1At +n2 ~()H ,155At-Of, \J ,?47 5 t- nt, NH3 ,1904t•Ol NO ,4039t-oJ N02 ,3136t-02 NAC L , 1771,t-03 NAO 
.J?4 3t no NAOH .2A46t-Ol n ,117 5 t+ Ol ()H .A8?8t-06 s ,48J3t-02 so ,999Jt•Ol S02 ,4335t-02 SOJ 
,12Alt-lh <; I ,?.565t-O~ SIO , 1A'i4 t- 01, ALll2- , l OS?t-11 CN­ ,OOOOt+OO CO2• ,J40lt-03 CL• ,oooot•oo CS• 
,57? 3 t-n J K• ,l 027t -OH NO - .9 n'lh t- n1, N0 2- ,711!2t-07 NA+ ,1•1••-06 ,2539,t-04 OH• ,1e1ot-06 02-o-
,?1hht-n ~ <;H- ,4f,QQt-0 ~ so- ,1 001• - 01 sri?-

r,LA<; c; •••••••••• .4!56 t- 01 AL 2'.l.J I , l4?4t- o•, •HILL •TF: .t,9Qf't-OJ CAO , ,0000t+00 CSOH L ,!615t-05 fEAL204L,935lt 00 fEO L 
.?lh5t no KALO? L ,3506t•OI K2S!()3 L.J",nlt- 01 NAOH L .971",t 00 510? L 

SIJLF. A\Jn CARA,. , OOOO t•O O K2C 13 L . onoo t+ nn K2C01 C ,oonot•OO K2S04 L ,0000t•00 K2S04 C 

MOLAR FRACTI ON<; WITHIN PHASES 
r nE AL(; AS ••••••• .7456t-0? ALO~ ,?.2 'lAt 00 CO2 , ♦ 4Q2t-12 CA ,244Qt•J4 CL2 ,oooot•oo cs 

,?.hh2t -n H Fl .1<;65t-Ol H2 ,\Q?Jt - n3 I( ,h34 11t 00 N2 ,4156t-os NA ,1678t-02 02 ,4958t-13 S2 
,QJ?4t- n~ SJO? .5710t-07 E- .?6?At -J 7 AL .254Jt-14 ALO ,6167it-o7 ALC0H)2 ,6406t-23 AL20 ,1133t-02 co 
,QQ 71 t-\l CO c; .3A65t-O N CAO~ ,1c;c; n t- n l CL . ooont•oo CSC L ,OOOO"•OO cs 0 ,ooont•oo CSOH ,2s211•-01 FED 
,?7<;?.t-05 F[(OH)2 .4460t-05 H ,7Jl 9t-Or, HCL ,1lq4tOO H2Q ,3911,t-JO H2S ,1034t•03 KCL ,HOH-05 KO 
,177 3 t- 02 KOH ,2Ql ] t-1 0 N ,4h ?7t -J O NH) .356lt-03 NO ,7552,t-07 N02 ,58bi,t-06 NACL ,3311••07 NAO 
.?1 24t-n4 NAOH .4Q4 Rt-05 n ,21 41, t-~ 1 nH ,165Jt•09 s , 903H-06 so ,186At•02 S02 ,8106t-06 S03 
,?1<;7t-?0 <;J ,4796t- 09 SIO .34", ft- \n .JQf,7t-15 CN­ ,oooot+oo coz- ,2619t-07 CL­ ,oooot•oo CS• 
,Jn7nt- o6 K• .JQ2 0 t-1 2 NO- ,11 n1t-n~ .l343t•IO NA+ ,2643•-10 , 4 747t•08 OH- ,3384t-10 02-o-
, <;J7? t-13 <;H- ,'17Aht-l~ SO- ,1A7lt- n7 SO?­

fiLA~~ •••••••••• ,723 St- 02 AL<' '.)3 L , 24AO t- 01, MIJLLT TE ,121Bt-Ol CAO L ,0000t+00 CSOH L ,2812t-06 FEAL204 L,l62Bt 00 FEO L 
.1110,-01 KALO? L .h iOS t on K2Srri3 L,?7f'Ht- n4 NAOH I. ,169'it 00 SI02 L 

<; ULF. A\J n CARn.. , OOOOt +O O K2CJ3 L ,ooo o t, nn K2C01 C .oooot+OO K2SQ4 L ,000011,00 K2S04 C 

T0FALr.As <;LASS ,, SULF. AN MIXTURE 
MOLAR QIIA\JT I TY (G RAM-M ~LE<;J . 5 -~4A t+ n1, ,s1~1t•o1 ,0000,,00 ,5354it•O•
AVERA <; F MJLFCULAR ~F.!GHT ( AM lJ ) , 30 75t+O? .12121,03 ,oooot•OO ,JoAst,02
MASS (~ ILO!;~AM 5 ) .\ r,4 <;t+01 ,,,96Jt oo ,0000,,00 ,1652t•03
VOL IJM f (C UBIC-METERS) • 7•l0Qt+01 ,21?.hll-OJ ,oooot•00 ,79oot,OJ
OEN<;I TY (KTL0<>PAMS/C U8 1C M~TE R) ,? Ot! ?t Oi ,J274t•04 .ooont+oo ,2091, oo 
f NTROPY (GRAMCALO~IES/)EG~I , 34 'ir;t+O", ,s11 nt•OJ ,ooo ot•OO ,J460t•06
REACT!llN ENTHALPY CKJL OCAL O~IE<;) •. A030t +Qc; -,131 ot•04 ,oooot•Oo -,8163••05
HEAT OF FORMA TION (KIL OCALO~!E S) -. \ ',40t•O'­ -.16021,04 ,oooot•OO -,1556t•06
SPJ<;I<>L f Hf AT (KJLOCALO~IE<;) • 7"l67 t+ Oe; ,?11911,03 ,0000,,00 ,7J94t•05
FROZEN fP (GMCAL/G~~ OL-)EG K) ,l 023t+O? ,J40t,t+o2 ,oooot+Oo ,l026t•02
AO!AHATTC fXPAN510 N COEF FIC! PH , I ? 41 t • l SONIC SPEED (METERS/SECOND) 

OEHYF. I fNGT H (MFTERS) .3t,60Jt- O'i FLE CTPON nEN<;! TY (PER M+Jl,?3284it•l8 COLLISION FREQUENCY (PER SEC!,33768t•l2
COFFF!rIE'ITS f/lR O~M,S LAW., SIGMA = SCALAR CO•ID (M1;0/1A F:fERI ,!962t•OI BETA! (SQM•VOLT/NEWTON) -,268lt•02
RETA2 (ASSUM!iJ(; Z~RO TO•I SLIP) (S'lM-V /l l_T/Tf<;U-N~WT()N) ,OOOOt•OO THETA! (IIOLT/DEGK) -,J310t-04
MA<,NETT C ! NnlJC TJON (ABS R) (T £SLA l , nOOOt • OO .?oont•Ol ,4000t•Ol ,6000t•Ol ,8000t•Ol ,!OOOt•02 ,!200t•02
CHI <METER-OHM/TcSLA, ,?1 oc; t, o? ,?691••02 ,26A6t•O? ,2683t•02 ,2682t•02 ,2682t•02 ,268lt•02
HAL L PAPA"!FTER .n oOnt • Oo , \ 0'i 7t•o1 ,2108t•Ol ,3!59t•Ol ,421Jt•Ol ,5263t•O! ,6314t•Ol
PS! (METFR•OHM/SQ T£SLAl , lc01t 00 . f>lQlt-01 ,252lt-Ol ,126At•Ol ,7477t-02 ,4895t-02 ,3442t-02
TH ETA?. (VOLT/TF.SLA-1EGK) .h3~4t - O'i .1?.73t•05 ,1333t-05 ,6703t•06 ,3953t-06 ,2588t•06 ,1820t-06
THfTA1 (VOLT/S Q TFSLA-)EGK) -,,O~At - O<; -,1,o~t - nS -,647lt-Oh -,J255t-06 -,1919t-06 -,1256t-06 •,8835t-07 

https://T0FALr.As


lJ <; HI) MT 'Jf"S pr,H FNERGy RE<; 1. TR MUI_T IPHA<; E F<lU ILJ Aq ! IJ~ PRflGR AM (ALGOL> OlMAY72 VERSION6 3 8 

~TOICHTflMETPY 
,3 9RR1+n2 
,h<; 0?. 1+ 03 

cGMOLl 
AP 
H?. 

FOR CASF I DEN TIFI FO A<; SPFNC.ER / fl R•1!N ~ 3•PHASE OEMONSTPATION 221ASH 
,30001 00 AL0 2 ,1?1 01+ 04 ro? ,70001-01 CA ,28001 00 CL2 
,?.9001•0 ?. K ,3]96t +n4 N2 ,15001 00 NA .34921+03 02 

.00001•00 

.50001•01 
cs 
s2 

,950011 00 
.448011•01 

FE 
s102 

PRF'i SllPF = ),nn ATM, TFMPERAT URE 1700 flFGK 

fllLJJL T<l R! UM MOI_/\H ,llJANTITIFS 
TllE AI (';/IS ••••••• ,39881+02 

,11n11-n 5 FE ,34861 no 
.111 01- 06 'ilO? ,745Jt-04 
,A4 32 1- n0 r. o c; ,367l1-ns 
,R n1n1 - n2 Ff(0~12 .61411•0?. 
.19431• 02 KflH .23631•07 
.113<;1 no NAOH .01021-0 2 
,?9421-19 'ii .47571-07 
.1~c;st- n3 K• ,1A3n1-09 
,?6661-1 0 <;H• .665H1-09 

AR 
H2 
E• 

CAO~ 
H 
N 

0 
c; IO 
NO• 
so­

,4 A;>6 t• n'l 
. 4A7 11 on 
,Jf, 34 1-1 ', 
, 3?05 t• O<+ 
. 2;>RJt • O? 
• R?Alt • O 7 
, 'iA46 t on 
• l675t-o7 
.44 ;>7 t-n 6 
• 4?76t-04 

AL O:> 
K 

AL 
CL 
HCL 
NH3 
(1H 

4L O?. ­
N02-
502-

.12281+04 

.J3<15t +04 

.36<1At•l2 

.oon oit •oo 

.639At•03 
, l 1971+01 
• I 13] 1-06 
.61101-13 
,20481•07 

CO2 
N2 

ALO 
CSCL 
H20 
NO 
s 
CN• 
NA• 

,l608t-09 
,1252t•Ol 
,62681-04 
,00001•00 
,374911-07 
,2850t•03 
,164811-02 
,000011+00 
,228511-07 

CA 
NA 

AL(OHJ2 
cs 0 
H2S 
N02 
so 
co2-
o-

,52951•11 
.12001•01 
.955611•22 
,00001•00 
,551'111 00 
,352911-02 
.999311+01 
,60561•04 
, 714711•05 

CL2 
02 

AL20 
CSOH 
KCL 
NACL 
S02 
CL• 
OH• 

.00001•00 

.241511-10 
,2267il•Ol 
,216211•04 
,343111-02 
,982511•04 
.564211-02 
.000011•00 
.48!511•07 

cs 
52 

co 
FEO 
KO 
NAO 
SOJ 
CS• 
02• 

lJLA5 ~ •••••••••• 
,?<;<;61 on KALO? 

SIJLF, A'JO CApR .. 
L 

.221At-Ol AL2 J3 L .21541-07 

.4)331•01 K2S !03 I , 3466 t-0 _1 

.oooot+O O K2CJ1 L . onoo 1+ no 

MIJ LLTTE .70001•01 
NAOH L .347 0 t 00 
K2C01 C .ooooit•OO 

CAO 
5102 
K2SQ4 

L 

L 

,000011+00 

,000011+00 

CSOH 

K2S04 

L 

C 

.222211•06 FEAL204t_.94!911 00 FEO L 

MOLAH FPACTT ON<; w!TH!N PHASES 
1nE111 GAS ••••••• 

• ? 4311- 09 FE 
.11121-1 0 'i!O? 
,1577t•Jl COS 
.1,101- ns ,~ 10 ... ,2 
.16 361 - 02 KOH 
.?4981 - 04 NAOH 
,c;c; ns1 -? 3 c;1 
,14701- 07 K+ 
,4~ R9 1-\4 SH• 

,74611•0;> 
,65231-04 
.11941•07 
.6R721•0~ 
.li861-05 
.44201•11 
.16281•05 
.09001-11 
,34231•13 
.!?.461•1?. 

AR 
M2 
E-

CAO~ 
H 
N 
o 
510 
NO • 
so-

, '103 01-J 3 
,~11 31-0 4 
.1 o5 H-1 -l 
.59961 -nH 
.4?hAt•06 
,1 549 1-1 0 
.1 094 1-n J 
,3 133 1-11 
. B?R21 -1 0 
.Ro o11- o~ 

ALn:> 
K 

AL 
CL 
HCL 
NH3 
OH 
AL n2 . 
NO? • 
sn2-

.22971 00 
• 1',J<;?t O 0 
.f>91 Ait•l6 
,noo ot•oo 
, 11 <17t 00 
.22391-03 
.2116il•lO 
• l 14H•lf, 
.3A111•11 

CO2 
N2 

ALO 
CSCL 
H20 
NO 
s 
CN• 
NA+ 

,30081-13 
.234311-05 
.1173ll•07 
.00001+00 
,701411-11 
,533111-07 
.308311•06 
.000011+00 
,427511-11 

CA 
NA 

AL(0HJ2 
cs 0 
H2S 
N02 
so 
CO2• 
o-

.99071•15 
, 134711•02 
.1189,i-25 
.00001•00 
,10371•03 
,660311•06 
,187011-02 
.113311-01 
.13371•0A 

CL2 
02 

AL20 
CSOH 
KCL 
NACL 
S02 
CL• 
OH• 

.000011•00 

.451811-14 

.424111•03 
e404411•Q8 
,641811•06 
,18381-07 
,105611•05 
.000011•00 
.900811-11 

cs 
S2 

co 
FEO 
KO 
NAO 
S03 
CS• 
02-

~ L A~~ •••••••••• 
•44301-0l KALO? 

StlLF, A\10 C/\PR. • 
L 

.3A431-02 

.7\631 00 

.00001+0 0 

AL2 J 1 L , 37141- 0~ 
K2SI03 L.6 006 1•04 
K2CJ3 L . 00001 +00 

MIJLL TTE 
NAnH L 
K2C01 C 

.121 31•0! 

.60141•01 

. 00 00 1+00 

CAO 
SIC2 
K2S 0 4 

l 
L 
L 

,000011+00 

,000011+00 

CSOH 

K2S04 

L 

C 

.385111•07 FEAL204Lel63211 00 FEO L 

MOLAR ()IJA'H!TY ( GRAM •M :> LE 5 ) 
AVF RAGF MOLFCULIIR ~F IGHT (AM I I ) 
MASS (1<.lLOG~AM<;) 
VOLUMF (CU BJC-"1ETF.R S J 
flENSITY ( ~T LOGR/\MS/C Url lC M~TE RJ 
ENTROPY (GRAMCAL OPIE S/)EG KJ 
REACTTnN EN THAI PY (KIL OCALO, JE<;J 
HEAT OF , npMA T1n N (K!L OCALO~JE <; J 
SEN<; I <11 , HF AT (l(J LOC ALO~JE<;) 
FR OZEN CP (GMCAL/ GM "1 0L •JEG K) 
ADTAHATI C fXPANSIO'l COE FFIC!f NT 

!OF. AL GAS 
.5145t+n ,, 
,) 0 7f>1+ 0? 
,1 6 441+01 
.74 5t,t +01 
,? ,'05 it On 
.142\it+O', 

•, R.,09t •Oc; 
• • 1 'i 411+ 01, 

.hH2l~+Or; 

.! Ol6t+O:> 
, 1;>431 • 1 

GLASS •• SIILF. AN MIXTURE 
.s1101+01 .00001+00 .535111+04 
.I313t•03 .00001+00 ,308711•02 
.151 s t oo .00001+00 ,16521•03 
,22511-03 ,00001+00 .7456••03 
.33551•04 .00001+00 .2215" oo 
.54541•03 ,00001+00 ,34261•06 

-,142 01•04 ,00001•00 ••875111•05 
-,!6<151•04 .000011+00 -.1560t+06 

,27461•03 .ooon1+00 .6848••05 
.364511•02 ,OOOn1•00 .1019••02 

SONIC SPEED (METERS/SECOND) 

DEflYE I FNGTH (METE RS) .5Al4 01• 05 fLECT40N Of'lS ITY 
COEFFJrIFNTS FflR OHM,5 LAW.. SIGMA 1: SC.ALAR C:nNll (MYfl/~FTER) 
RETA 2 IAS<;IIMJIIG z,4() ION SL!Pl (S'l'-'•VflLT/TESL~•NEWTOI\/) 
MAr.NETJC INDUCTION ( ARS A) <TESLA) . ooo nt+O O .?.onot• Ol 
CH I (METER- nHM /TESL A) ,\ 04 <1 1+ 01 .l044t+03 
HALL PA RA"1ETER .o oon t+ no ,994Rt 00 
PSI (~ETFR•OHM/Sll T~SL A) .564 q1 00 .1041- 00 
THFTA?. (UQLT/T ESL A-) EGK) ...840 1-05 .J6q5t- n5 
THFTA1 (VO LT/Sil TESLA•)F.G~) -.~l b41 - 05 -.11 ns t-05 

(PER M•3l.1',0l88t+l7 COLLISION FREQUENCY (PER 
,47661•02 BETA! (SQM•VOLTINEWTON) 
.00001•on THETAl (VOLTIDEGK) 
.4000t•Ol ,6000t•Ol .800011•01 .100011•02 
.I040t•01 .!038t+03 .10381•03 .1038,<+03 
el982t•O! ,29701•01 ,39571•0! e494511•0l 
.1277t 00 ,64881•0! ,J843t•OI e25211•01 
.15461•05 ,78561-06 ,4653t•06 .3053t•06 

-.71521•06 ••3635ll•06 -.21531•06 -.!412,<•06 

SECJ,36032t+l2 
-.10371•03 
-,147811-04 

,12001+02 
.103711+03 
,59331•01 
,I775t•Ol 
.214911-06 

-.99441-07 w 
'-J 



II S HU '41\JFS Mlll TPHA SE EIJLI IL l flo ! IJ" PROGRAM (ALGOL> 0lMAY72 VERSION6 2 7 w 
co 

STOICHIOMETRY 
.1QA Bl+ 02 

rGMO L) 
AR 

FOR CASE I DE \JT!F! Fn AS 5PFNCfR/OR~ IN A ]•PHASE DEMONSTRATION 
.3 000 1 00 ALO? .1?1 0 t+ n4 CO2 .700 0 t•Ol CA ,28001 

221ASH 
00 CL2 ,00001•00 cs ,9500t 00 FE 

.h, 02 t+nJ M? .290 01+02 K .13461+ 04 N2 .15001 00 NA ,34921•03 02 ,5oon1•01 s2 ,4480t•Ol 5102 

PRFS SIJRF = 1.n n ATM, TfMPERATURE lhO O nrG~ 

F.fl ll !LTRR! U'-4 MOI AR 'lllA'lT!TTFS 
!DEAI_GAS ••••••• 

.A nq91 -nl FE 

.,4641-0H <;! 0 ? 

,39A 81•02 
.l?llt oo 
.145H-04 

AR 
H2 
E-

. ?)11>1 - I O ALn, 

.? 0 741 no K 

. A'i,3 1-) A Al. 

.12291•04 

.13961+04 

.540ot-14 

CO2 
N2 

ALO 

,70661-11 
, 60711•02 
,8125#-05 

CA 
NA 

AL(OH)2 

,1954#•11 
,6521#•01 
,8425t•25 

CL2 
02 

AL20 

,00001•00 
, 12031•1 l 
,69251 00 

cs 
S2 

co 
.A44Qt-nY COS ,51461-06 CAOM .IIJ~t- n4 Cl .nooot•oo CSCL ,00001•00 cs 0 ,00001•00 CSOH ,2724it·o5 FEO 
.41 091 -n2 
.J 9 17t+ n2 

Ff(0M)2 
KOH 

,11791- 0? 
. 2A471 - 0d 

M 
N 

.J~4 ~t - n2 

. 21731 • 07 
HCL 
NH l 

.1>4031•03 
• 7h12t 00 

H20 
NO 

,4338#.08 
,22331•03 

H2S 
N02 

,55491 00 
,3774#•02 

KCL 
NACL 

,15011-02 
,5052t•04 

KO 
NAO 

,11 931 00 NAOH ,?hAht- 02 0 ,?1711 on OH .<i61Rl•08 s ,45631-03 so ,99911•01 502 ,814311•02 S03 
,? 2601 -?2 <;! ,4n67t-09 510 , 9h?Ol - n9 AL0? - .?01fll•l4 CN- ,00001•00 CO2• ,2259,i•o4 CL• ,00001•00 CS• 
,5 4h \t- n4 K• . 2h74t -l O NO - .?)hhl - nh N02 - ,4117?1-08 NA+ ,30041•08 o- ,1691it•o5 OH• ,1191#•07 02-
,1,14t-Jl <;H- ,h515t-ln so- ,l,,J t- n4 c; n? -

GLA <;c; .......... ,Ah?.'it-02 AL2 '.)1 I .~4 0'H -J n MlJLLITF. .100 01-01 CAO I ,00001 ♦ 00 CSOH L 
•'A?7t 00 lfAL0' L ,4]9Jt+Ol K2S! 03 L, 901 J ;t- n ! P\I AOH L ,R93U•Ol 5102 L, 

<;lll.F , A\J[) CARil ., . onOO l+O n K2C'l3 I. . oooo, ♦ [ )0 K2Cn1 C .oooot•OO K2SQ4 L ,00001•00 K2S04 C 

MO L~R FRACTI ON <; WITHIN PHASES 
IDEAi r;AS • • •. •. • 

.1c;J4t.J O FF 
• 741, 31• 0~ 
.2?6'it•04 

All 
H2 

• 3·Jo7 t- \4 
.JRqJt - n,, 

AL O;> 
K 

.;>30)t 

.1>355 " 
oo 
00 

CO2 
N2 

,l322il-14 
,1136#-05 

CA 
NA 

,36561•15 
,12201•02 

CL2 
02 

,00001•00 
,2252i1-15 

cs 
S2 

.l,4A21-J 2 c;ro, .?721>1-0A E- .lAOlt•?l AL .lOl o t-17 ALO ,15201-08 AL(OH)2 ,1577it•28 AL20 ,1296t•03 co 

.1 c;su -1 2 r, 0 c; ,IOO OI - O'l CA(H .2 n~1Jt - n'I CL ,00001•00 CSCL ,00001+00 cs 0 ,00001•00 CSOH ,5097#•09 FEO 

.71, R9t - n6 
,1 ,AAt - 02 

FE(0~)2 
KOH 

. 2580 1· 0~ 

. 532 71•12 
H 
P\I 

, 21,>'-lt- n<, 
.4 0AH•l I 

HCL 
<IJH3 

• l l '-l 'lt 00 
.l42Rt•03 

H20 
NO 

.Bl 18"•12 
,41791•07 

H25 
N02 

,1039 .. •03 
,70631•06 

KCL 
NACL 

,2820#•06 
,94541•08 

KO 
NAO 

.?A n7t - 04 

.4 7;,9; .71, 
NAOH 
ST 

. 50271 - 06 
,71,J lt -13 

n 
S I D 

. 51Aht - n4 

.l'IO Ot-1 2 
OH 
AL02 -

• 1A04t•l l 
. 3Al 4t -18 

s 
CN• 

,85401-07 
,0000,i+oo 

so 
CO2• 

,18701-02 
,42281•08 

S02 
CL• 

,152411-05 
,oooot•oo 

S03 
CS• 

,l n?2• -n7 "" .soo, t-14 NO • • 4ne;:i•-1 n N02 - .9111!1•12 NA+ ,56211-12 o- ,3165#•09 DH• ,22291•11 02• 
.?A11t-)5 SH• ,12191-13 SO• , ,qn1,t- q4 s o2 -

ALASS •••••••••• 
,4 RA5 t-nJ KA LO' L 

.)490t- 02 

.7S86t or 
AL2 ~3 I_ .11 n 1t-1 n 
K2S ! 03 L • I 1A4t - n I 

Mlll.LT TE 
NAOH L 

,12ngi1-01 
.lS44t•Ol 

CAO 
SIO? 

L 
I 

,0000#+00 CSOH L ,3195il•OA FEAL204L,1634it 00 FEO L 

SULF. A\JO CARR .. . oooo t+ OO K2C J 3 I . oooo t+ OQ K2Cn 1 c .noo ol•OO K2S04 L ,00001+00 K2S04 C 

Ill~ ALGAS GLAS<; ,, SULF, AN MIXTURE 
MOLAR (]IIA\JTT IY 
AVERAAF MOLF.CULAR 
MASS 

~FIGHT 
CGRA'4•M1LE S ) 

I A"1 11 ) 
li<.IL,OG~AM<;) 

, ',1441+04 
• .3n 71,t+ o, 
.11,44t+Ol 

,,7Al!t+Ol 
.135 J t•03 
.101 31 oo 

,00001•00 
,00001+00 
,00001+00 

,5349it•04 
,3088#•02 
,16521•03 

VOL IJMF 
OFNS ITY 
F.NT'lOPy 

IC UR !C-MET ER'i ) 
(~T LOGR AMS/C U~ I C M~TE R) 

(AO AMCA LOQ J ES / ) EG K) 

, 101ht+01 
. ?'1411 On 
• 'llfl7t+O', 

,231 S t- □ 3 
.33fl4it•04 
,5508t +03 

.ooooit•OO 
,00001+00 
,OOOQ#+OO 

,70l6t•03 
,23541 oo 
,3392t+06 

REAc:TT0•1 EN THIII PY l ~ !L OCA LO~ !E S) - , '11 b 4 t • 0, -.14711•04 ,00001+00 •,93llit•05 
HFAT nr FORMATTON 
SENSIRLF >iFIT 

1qLrJCALU~!ES) 
(KILOCA LO, !E <; 1 

•, \~44t+OA 
.1> ? 701+0, 

-.11,41+01+ 
.262 3 t•03 

,noooi•OO 
,ooonit+oo 

-.15621•06 
,1,305,i.05 

FR OZEP\I rP (AMCAL/3MMOL•)EAK) • ! OOAl+O? ,371At+o2 ,00001+00 ,101oi1+02 
AO!AH ATTC FXPAN5l 0~ COEFFI CIE \J T • 1 ?41, t + 1 SO'J!C SPEED (METERS,SECONO) 

DfnYE I FN GTH IM[TF.RS) ,9F,q J3t - ns FLE CTOON UE~ SITY (PER M+31,\2506#+17 COLLISION FREQUEN CY (PER SEC) ,38528it•l2 
COFFF!clE\JTS FnR O· ◄ M,S LAW ,. SIGMA = <; ( ALAR Cfl'Jll (MHO/MfT ER) 
AfTA2 (ASS UMING Z~RO ION SLIP) (SO M-V OLT /TFSL"• N~WTO<IJ) 
MAr;NETTC I NDUC TI ON (A'lS I,) (ESL 11 1 . ooont+OO .2 onot • Ol 

,9284t•03 
.0000,•oo 
,4000t•Ol 

BET Al 
TH[TAl 

,6000#•01 

(SQM•VOLT/NEWTON) 
(VOLTIDEGK) 

,BOOOt•Ol ,1000t•02 

-,49911•03 
•,1628ll•04 

,1200 ... 02 
CHI (MET EO • Q'iM/T::SL4) . ,on;>t+03 .5011 .. •0 3 ,5009t•01 ,5000t•03 .49961•03 ,49951•03 ,49941+03 
HA LL PIQAMFTER .o oon t+ OO .<l14?t on .186Qt+ OJ ,27851•01 ,37llt•Ol ,4637#•01 ,55631•01 
PS! (MfTE R•OHM/SQ T SLA) . 11 Jlt+Ol .1 URl•Ol .7660t 00 ,3940t 00 ,23451 Oo ,1542# 00 ,10871 00 
THFT II ? (V OI. T/Y.SLA• EG K) .7151,t-05 .4017'1•0 5 .11so1-o~ ,8999t-06 ,5356t•06 ,3523#•06 ,2484t•06 
THF.TA1 \VO LT/S Q TFSLA• EG~) -.1)4 St• O', -. 17741• 05 -,7689t•QI, -,3954t•06 •,2354,i•Ob •,15481-06 -,10921•06 



PGH FNERGy RES CTR MUL TIPHASE EQLJJL!RPIUM PRO GR AM (ALGOL> OlMAY72 VERSION6 6 11 

STOI CH IOMETRY (GMOL) FOR CASE IDENllFlfD AS SPl:NCER /OR ,1 TNG )•PHASE DEMONSTRATION 221ASH 
,1QA8t+ n2 AR .1000, on AL02 .121 o t+ 04 CO2 ,7000t-01 CA ,2800t 00 CL2 ,oooot•oo cs .9soot oo FE 
.6~n2t+03 H2 ,?QOOt•02 K ,33Q6t+n4 N2 ,1sont 00 NA .3492t+03 02 .sooot•ol s2 .4480t•Ol 5102 

PR[<; SIJRF = I , on AT.,, TFMPERATJRE = 1~0 0 nr.r,r< 

[QLJTL TnRlll"I MO L AR 'llJA"ITITIF.S 

!OEAL GAS ••••••• .1qaA,+n2 AR , l 1ni-11 ALO? ,121nt•04 coz ,2808il-12 CA +4654t•11 CL2 ,oooot•oo cs 
,47?2t-n8 FE ,5090t-Ol H2 , ;>A1,2t-n I K ,3396"•04 NZ ,2845t-02 NA ,3os4t•o1 02 0 1449ll•l3 S2 
,37t.. Ot- oQ <;10?. ,1040t•OS E- ,~;>7 0 t-;> O AL , 136;>t-15 ALO .2454t-os AL(OH)2 .3689t•27 AL20 .248lt 00 co 
.~16?.t-1 0 Cu <; ,7o7St-07 CA0-1 .~!4St- n, CL ,oooot•oo CSCL .oooot+oo cs 0 .oooot•oo CSOH .256lt•06 FED 
,1~QQt.n2 FF.(04)2 ,2A8At•03 H ,2 00,, t-n? HCL ,fi47\t•03 H20 ,3155t-09 H2S .5462t 00 KCL ,1556t•03 KO 
,5A49t+ Ol KOH ,2580t•09 N ,7A,',t• O~ NH3 ,33\At 00 NO .8896t-04 N02 .ll74t•Ol NACL .1829t•04 NAO 
,1115t 00 NAOH .St36t•03 o ,lnt6t 00 OH .3554t-09 s ,46!3t-04 so .31'+2t•Ol S02 .2835t•02 S03 
,ttAH•?.4 ST ,?36t..t•I IJ 510 ,174lt-1 n AL02- ,3675al•l6 CN• .oooot•oo CO2• ,905!t•05 CL• .oooot•oo CS• 
,1~Q4t-n4 K• ,QA97t•l2 NO • ,2;>74t-n7 N02 - ,2257il•08 NA• .9802t•IO o- ,1212,•06 OH• .snst-o9 02-
,1A64t-13 <;H• ,913Jt•l2 so­ • r,gq',t-n,:, <;o;>-

r,LA ~~ •••••••••• .20231-01 AL203 I ,2r,s1t-n H MLJLLTTE ,,ooot-01 CAO 1 .oooot+OO CSOH L ,756St•08 FEAL204 L.948lt 00 FEO L 
,25Q5t no KALO? L ,4?9Qt+01 K2St03 I ,lQ OS t- Q,> NAOH L ,l814t 00 5102 L 

SLILF, A\JO CAPA., ,4?llt•O?. K2CJ3 L .ooont•o o K2C01 C ,6A55t•Ol K2S04 L .oooot+OO K2S04 C 

MO L AR FRACTIONS WITHIN PHASES 
I DEA i r;AS ,,..,., ,74AAt•O;> AR ,;>577t-1,; ALO~ ,?309" oo CO?. ,s212t-16 CA .a1Jgt•1s CL2 .oooot•oo cs 

.~Rt,5t-J2 FE ,9557,-0 5 H2 ,5173t- os K ,fi376t 00 N2 ,534lt•06 NA .5734t•03 02 .2120,-11 S2 

.7n59t-t3 510? ,1953t•09 E· ,174lt•?1 AL ,?55At•l9 ALO ,4608t-09 AL(0Hl2 ,6926t•31 AL20 ,4658ll•04 co 

.q,:,Q]t -}4 C n 5 ,112Rt-l n c• o~ .1111t-nM CL ,nooot•oo CSCL .oooot+oo cs 0 ,oooot•oo CSOH ,4808t•lO FEO 
,15R~t-o6 FE(OH)? ,542?t-07 H ,)76bt-o<, HCL ,1215" 00 H20 .592311-13 H2S .1026t•03 KCL +292lll-07 KO 
,ln9Rt-o2 KOH ,4844t-1] N ,147 5 t-11 NH) .r,21ot-04 NO .1670t-o7 N02 ,2204t•05 NACL .3434t•08 NAO 
,?Snt..t-04 NAOH ,9fi43t- 07 0 ,\q o7t- Q4 OH ,6673t•l3 s ,866lt-o8 so +S899ll•03 S02 .5322t•06 S03 
,;,;,79t-? A 51 ,444?"•14 SID ,70?St•14 AL02- ,fi8QQt•20 CN• ,oooot+oo CO2• ,lb99t•OA CL• .oooot•oo cs• 
,?054t-08 K+ ,lASAt-15 NO• ,4;>t,9t•\l N02 • ,4?.37'·1? NA• .l840t-!3 O• .238At•l0 OH• .l084t•l2 02-
,1son,-17 5H- ,1714t•l5 so- ,13t3"•09 so;,. 

t;LA55 .,.,,..,., ,3S00t-02 AL203 ,4SA7t- n<i MIJLLTTE ,12llt•Ol CAO I .oooot+OO CSOH L .1J09t•08 FEAL204L.l640t 00 FED L 
+44'l0t- n l J<ALO? L ,743lt 00 K2SI03 l. ,3;> 9b t• Oi NAOH L .1139"•01 5102 L 

SIILF, A'Jfl CAP"l.. .6\39t-03 K2C03 L ,OO OO t•nn K2 Co, C ,Q994t 00 K2S04 L ,OOOOt+OO K2S04 C 

TOFALGAS r;LAS<; ,, SUL>, AN MIXTURE 
MOLAR OIJA"J TT TY (r;PAM•M1LE<;) ,512t,t+O,, ,51qot•Ol ,686ot•Ol .5339t+04 
AVF.RAGF MOLFCULAR ~FIGHT (A"IIJ) , )M14i<•O? ,l319t•03 ,174?t•03 .3094t•02 
MA<;S (KI LOG~AM<;) .J<,3?.i<•01 ,7718t 00 +il9St•Ol 1652t•030 

VO LLIMJ: (C LJR IC•METER<;) , t,'iSfit + O 1 ,229!t-03 ,449tt-03 ,6556t•03 
O[N<;!TY (~TLOGRAMS/C U~ lC McTE R) ,;> 4'l9 t o~ ,337At+04 ,266;>t+04 ,2519t 00 
F"ITR OPy (GRAMCALOR!ES/)EGK) . :n3St+O<, ,53041+03 ,Al73ll•03 ,3349t+06 
RF AC TT O"J EN THAI PY (K!LOCALO~JE S> •,964At+05 •,14R!11+04 •+1913t+04 •,9987t+05 
HEAT OF F OPMA T! ON (K!L OCALO~JE<;) •,1'>3bt+O,:, •,l719t+04 •.227t..t•04 •,1576t•06 
SEN<;lALF '◄ FA T (KILOCALO~!E<;) , 5 717t•05 ,2311,.03 ,3629t•03 .s111t+os 
FROZEN r-P (r,MCAL/ GM MOL•)EGK) ,9 -l65, •01 ,3695"•02 ,470511+02 ,l004t•02 
AO!ARATTC fXP ANSl O~ COEFFICIENT ,lc49t • 1 SONIC SPEED (METERS/SECOND) 

OfMYf LENGTH (~[TERS),193l5t•04 FLECT~ON DFN<;I1Y (PER M•3l,95543t•l5 COLLISION FREQUENCY (PER SEC),399b5t•l2 
COfFF!CTE'JT<; F OR OHM +S LAW,, SIGMA= SCALAR cn4D (MMO/~ETER) ,6895t•04 BETA! (SQM•VOLTINEWTON) -.6533t•04 
AETA2 CAS<;lJMING Z,RO ION SLIP> (SOM•VOLT/TESLhNflolTON) ,OOOOt•OO THETA! (VOLT/DEGK) -.2053t-04 
MAGNETI C INOUCTTON (Al:lS ~) (TC:SLA> ,0 000 t•O O ,2 onn t•Ol ,4000t•Ol +6000t•OI .aooot•o1 ,1000,•02 .1200,•02 
CH I (METER• OHM/TcSLA) ,fih~lt•04 ,66l7t•04 ,6570t•04 .6552t•04 ,6544t•04 ,6540t•04 +6538t•04 
HALL PftRAMFTER ,OOOOt•OO ,9!;>St 00 ,1812t•Ol +2710t•Ol .361011•01 .4509;•01 .S409t+Ol 
PSI (~ETFR•OH~/SO T~SLA) 6457t+O? ,1674t•02 ,1603t•02 ,8262t•Ol ,4923t•Ol .3240t•O! +2285t•Ol 
THFTA? IVQLT/TFSLA•)EG K) ,q934t•O S .soq4t-ns ,2218t•OS ,ll43t•05 ,68l2t•06 +4483;•06 .316lt•06 l,.)
THFTA1 (VOLT/SQ TESLA•)E GK) •,11:l B7t• 05 -,??.t?t•OS •,9649t•Ot, •,4974t•06 -,2964t•06 -.1950t•06 -.137611•06 

0 

'° 

https://2311,.03
https://1~QQt.n2


LI S Ail Ml 'If<; PGH FNERGY RES CTR MULTIPHhSE f::'lU IL!Bo!IJ'-1 PROGRAM (ALGOLI OlMAY72 \IERSION6 5 11 

<;TnTCH!OMETRY (GMOLJ FOR CASE IDENTIFifn A5 SPF.NCER/OR•JlNG l•PHASE DEMONSTRATION 221ASH 
,1qAAt+n2 AR ,1000t on ALO? ,l?JOt+ n4 CO2 ,7ooot•Ol CA .2sooi 00 CL2 .000011•00 cs ,950011 00 FE 
,6 ~n~ t•ol H? ,2qoot•o2 K ,3196 t• n• N2 ,1soot oo NA ,3492i+o3 02 ,500011•01 s2 ,44AOll•Ol SI02 

PRfSS IIPI' = 1.no AT .. , TEMPERATURE : 1400 nF G~ 

EQIJILIAPIU'-1 MOLAR ntJ A'ITITIES 
!DEAJ r.AS ,..,.,, ,Jq81!t+02 4R ,59 0 lt-J l AL O:> ,121ot•04 CO2 ,5936-•14 CA ,152Bt•10 CL2 .000011•00 cs 

,15 33 t- 09 FE ,1<;90t•Ol H2 ,?6 09t - O? K ,)396t+04 N2 ,9367'•03 NA ,1796t•0l 02 ,280211•16 52 
,1n~9t-1 0 510? ,3377t-07 E• ,37171•? ?. AL ,1709it-17 ALO ,5144ll-06 AL(0H)2 ,439Rt•30 AL20 ,64Blt•Ol co 
,9Rn3t-12 r o s ,6418t•O ~ CAO~ ,Bn~3t- oi; CL ,OOOOt•OO CSCL ,OOOOll•OO cs 0 .000011•00 CSOH ,l691ti•o7 FEO 
,7AROt-03 FE(0 ~) 2 ,4453t•04 H ,3,o5t- o? HCL ,6494t•03 H20 ,7297ll•ll H2S ,5190 00 KCL ,120411•04 1(0 
,1414t+Ol KO H ,l669t•I O N ,IR 95 t- nH NH) ,1516# 00 ND ,4344ll•04 N02 ,3712i•ol NACL ,5318t•05 NAO 
,1 075t 00 NAOH ,9}86t•04 0 ,3<; 06 t- Ol OH ,4506t•ll s .2192i.05 so ,644411 00 S02 • 77 I 611•03 S03 
,?.174t-27 <;I ,7987t•l2 sto ,c;g11t-1? ALn2 - ,1740t•l8 CN• .oooot•oo CO2• ,229411•05 CL• .000011•00 CS• 
- ~3 44t-n5 K• ,l76Jt-lJ NO• ,l~A7t• OA N02 • ,112'iit•08 ,1523i-11 o- ,467lll•08 OH• • 166411•10 02-
,404 6 t-1b <;H• ,2962t•l4 so- .1 0 15t- n 1 s02-

GLA~~ •••••••••• .45QAi-Ol AL2n L , l 104t•O~ MIJLL TTE .1000•-01 CAO f ,000011•00 CSOH L 
,?n9At no KALO? L ,405At+Ol K2ST03 L,44n6t-n ?. NAOH L ,42\qt 00 5102 I 

SllLF • A\4 0 CAPR,, ,414 0 t•02 K2CJ3 L .on oot +OO K?C01 C ,q355t+Ol K2Sn4 L .000011.00 K2S04 C 

MOLAR FRACTION<; WITHIN PHASES 
! llEAi GAS , •,,,,, , 7496t•O? AR ,ll09t•1h ALO;> ,2312t 00 CO2 ,1116--17 CA .2a12i•14 CL2 .000011•00 cs 

,?RA1t-13 FE ,?q8At•05 H2 ,4g04t•Oh K ,631!1t 00 N2 , 176 l --06 NA ,3377t•03 02 ,5267"•20 S2 
,,751t-14 S1 02 ,6348t•ll E• ,7Q?4t• ?h AL ,:32!2t•21 ALO ,9669it•l0 AL(0Hl2 ,8268t•34 AL20 ,12!8it•04 co 
,1A43t-J 5 r, 0 <; ,J?O~t-11 CAO~ ,l514t• n~ CL .ooooat•OO CSCL .ooooi•oo cs 0 .ooooi•oo CSOH ,318411•11 f'EO 
,14Alt-Ob FE( O ◄ )? ,A370t•O ~ H ,65A At-o~ HCL ,122lt 00 H20 ,l372ll•l4 H2S ,9763-•04 KCL ,226411•08 1(0 
,?~9 5 t-03 ~OH ,3!37t-l4 N ,3~62t• 12 NH] ,?85ot-04 NO ,Bl66i-oa N02 ,697Rll•05 NACL • 999711•09 NAO 
,? ?2 lt-n4 NAOH ,1727t-07 0 ,659 lt-n 5 OH ,A47QJ!•l5 S ,412lll•09 so ,121111-03 S02 ,1450-•06 S03 
,4n 86 t•11 c;y ,150lt•l5 SIO ,111/,t-l 'i AL02- , 1271 J!-22 CN• ,ooooi.oo CO2• ,4313-•09 CL• .000011•00 CS• 
,44n5t-0 9 ~• ,3314t•l/ NO• ,2gA3t-J ~ NO?.­ ,2l 14t•l2 NA+ ,2863t-15 ,B781i•12 OH• ,312711•14 02•o-
.1~ 05 •-20 SH- ,556Bt-1B SO• ,l9 09 t• ll s02 -

r,LA ~S •••••••••• ,7A2R~•02 AL2J3 L ,?. 2t,4 t• 07 MULLTTE ,12\i<,t•Ol CAO L ,000011•00 CSOH L ,399oi•o9 FEAL204L,l64811 00 FEO L
,1~44t-Ol KALO? L ,7047t 00 K2S!03 L,76,lt- nl NIIOH L ,7327t•Ol S102 L 

SULF, A'lD CAPR,, ,4637t•03 K2CJ3 L .oooot+ OO K2C01 C ,9995t oo K2so4 L .ooooi.oo 1<2so4 c 

TnE ALG AS r.LAS5 •• SULF, AN MIXTURE 
MOLAR ~IIA'lT!TY !GR4M•M:JLES) , 5320 t•0 4 ,5759.-+01 ,935qll•Ol ,5335-•04 
A\IERA GF. MOLFC UL AR ~F. tGHT ( AM IJ l , 3060 t•O? ,!30!t+03 ,i74?i•03 ,309611•02
MASS (K!LOG,AM5) , 1l,2At+01 ,74~9t 00 ,\63111•01 ,165211+03 
VOLUME !CUBIC-METERS) ,6 l l?t+01 ,223lit•03 ,6127i•03 ,6112t+03
DEN5ITY l<ILOGRAMS/CU~!C M~TEwJ ,?.hb4t On ,3357t+04 ,2662t•04 ,2703- 00 
ENTR OPY IGPAMCALORJES/)EGKJ , 3?9J t+o-. ,49AAt•03 ,ioest•04 ,330Bi+06
REA CTI ON ENTHALPY (KtLOCALO,tE<;J •, I Ol6t•O~ •• 11t13t•04 -,26s5i+o1t -.1051i,06 
HEA T OF FOR MATI ON IKILUCALO,IE<;J ·, 1534it+O'­ -,J6B2"•o4 •,3106t•04 •,1502i+o6
SENS!"li • HF:AT (K!LOCALO,!ESl , i;1B1 t+Oc; ,209311+03 ,45lti•03 ,5247ll+05 
FR OZE"! r. P (GMCAL/GMMOL•JEG<) ,91!50 t+O i ,357<;t•02 ,470si•02 ,9943t+0l
ADIA8AT!C FXPANS!0\4 COEFFit:!ENT , ! 25 3t • 1 SONTC SPEED (METERS/SECOND) 

DERVE. LF:NG TH ('1f.TF: RS) ,3812!il• 04 FLE CTRON OE~ STTY !PER M•3l,13277it+l4 COLLISION FREQUENCY (PER SEC! ,4395011 ♦ 12
COF:FFirTF.'lT<; FOR O~M,S LAW,, St GM A : <;CALA R Cll\10 (M40/'1FTERl ,2196t•05 BETA! (SQM•\IOLTINEWTON) •,l876t•06
AETA2 ( AS<;IJM!NG ZERO ION SL!Pl (SQM-VOLTITESLA•N~WTO/IJ1 ,OOOOt•oo THETA 1 (\IOLT/DEGK) -,231211•04
MAC,"![ TTC. I Nl1 UCTION (ABS Al (T ESLA) ,n oon t+oo ,20~Qit+Ol ,4000,1 ♦ 01 ,6000t•0l .soooi1•01 .1oooi1•02 ,1200t•02
CHI !METER•04M/T c SLAJ ,1qJnt+01, , i 909il•06 , 189lt•0i<, ,1884it•06 ,1880t•06 ,1879t•06 ,1878t+06
HALL PAPA'1£TER .oo on ,, oo , I! 1'1411 00 , 166lit•0 I ,2482i+0l ,3304ii+0i ,4127t+0l ,4950t•0l
PST ('1[TFR•OHM/SQ T~SL Al ,;>}71t+04 .\319t+04 ,605St•01 .3184-•03 ,1914-•03 ,1265it•03 ,8943-•02
THETA? (\IOLT/TFSLA•JEGKJ , 930n t-Oc; ,564~t•ll5 , 2592t•OS ,1363t•05 ,819lit•06 ,5414t•06 ,3828t-06
THETA1 (VOLT/SQ H SLA•JEG~ l •,174 0 t-05 -,2?.71 ,1•05 •, 1042t•O<; •,5482t•06 •,3295it•06 •,217Bt•06 •,1540t•06 

https://ooooi.oo


PGH ENERGY RES CT R MULTl?HASE FllUTLIA<lTll"l PROGRAM (ALGOLI OlMAy72 VERSION6 7 16 

ST OICHIOMETRY (f,MOLJ FOR CASE !DENTIFIFO AS SPFNr.ER/OR.,TNG 3•PHASE DEMONSTRATION 221ASH 
.JQARt+n2 AR .3000; 0~ AL02 .1;, 3ot +04 r.02 .1ooot-01 CA .2800- 00 CL2 ,0000-•oo cs .9500- 00 FE 
.1',,Q2t+n3 H? .2900-•02 K .3l96t+ 04 N2 .150 0; 00 NA .3492-•03 02 .5000-•01 s2 ,4480-•0l SI02 

PRFSS IIPF. :z I. 0 0 AT>.1, TFMPERA TURE 1200 OFG~ 

FQ UIL TAP TUM MOLAR 1l1ANTTTIES 
!OEALf.AS ••••••• .39RAt+Ol AR .\;>i<,St•Jh AL O;, .t23ot+04 CO2 ,2080•18 CA .5515-·lo CL2 .0000-•oo cs 

.J~)Qt-13 FE 4R86t•01 H2 ,1517t-04 K .33Q611•04 N2 ,2096-•04 NA ,1499-•0l 02 ,5610-•27 52 

.6?43t-J4 SIO? .1275t-lO E- .674At-?'l AL .936U-23 ALO ,3072t-08 AL(0Hl2 .1112-•38 AL20 ,126211•02 co 
0 

•10,lt-18 COS .114lt•l n CAO~ ,?545t-o':i CL .ooooit•Oo CSCL ,OOOOt+OO cs 0 ,0000-•oo CSOM ,176711•10 FED 
.8?Jht- 04 FF(OHJ2 .3164-•0h H ,454.?t-o? HCL .650111+03 H20 ,3669--17 H2S ,453R- 00 KCL ,824011•07 KO 
,l117t 00 KOH .1784t•l3 N ,2 ?.76 t-1 0 NH) .378811-01 NO ,2277t-04 N02 .1011- 00 NACL ,1532-•06 NAO 
,10J9t- ol NAOH .?222t•05 0 • 3231 •-o;, OH .9044-•18 s ,2106t-lO so .4269-•03 502 ,1859-•05 503 
.1 ~65; .35 ST .lo03t•l6 SIO .lQASt•Jh ALO?.­ .160H-24 CN­ ,OOOOil+OO CO2• ,6100ll•07 CL• ,OOOOll•OO CS• 
.hOQ9t-07 K+ .2~17t•l7 N~- • 17.l 3t-l 0 N02- .3739t-10 NA+ ,1550-•15 o- ,3034-•ll OH• ,139511•13 02-
•13A9t-24 SH• ,6~47t-2? SO- ,li<,91:lt -11 502-

GLASS •••••••••• .&i96t•OI AL2J3 L .lh7lt• Oh MULLTTE .1oo ot-01 CAO I ,oooot+OO CSOH L .2131-•10 FEAL204L,9499- 00 FED L 
,17hlt 00 KA LO?. L .4093t+Ol K2ST03 .IAJ2t-Ol NAOH L .1A1 0; 00 5102 L 

SULF . A~n CA<lA.. .2h70t•Ol K2C13 L .0 000 1+ 00 K2C01 C .oonoit+OO K2So4 L ,lOOOt+02 K2S04 C 

MOLAR FRACTI ON S WITHIN PHASE S 
TDE AI_ GA5 ... ,... .7499t•0 2 AR .2379;. ;;_,n AL O:> .2313t 00 CO2 ,3918t-22 CA .1031-•13 CL2 ,0000-•00 cs 

.? AQ~t - 17 FE .'llAAt-07 H2 .2A52t- OA K ,6381',t 00 N2 ,394lll•08 NA ,281All•03 02 .1055-•30 52 
,l l74t -J7 510? ,23971-14 E- ,l?h91-3? AL ,17b Oll•26 ALO .S776t-12 AL(0H)2 ,2203-•42 AL20 .2372-•06 co 
,,71ht-;:>2 r O S .2J45t•l4 CAO~ .47A5t•O'l CL ,OOOOll+OO CSCL ,0000,.00 cs 0 ,0000-•oo CSOH ,J323ll•l4 FEO 
.J,45t- o7 FF(OH)2 .5950t-1 0 H , A541 t-o h HCL .122?.ll 00 H20 ,6900-•21 H2S .8533il•04 KCL .1549-•10 KO 
,?47ht- 04 KOH ,3355t-17 N .4?80t •J 4 NH3 ,1122,-os NO ,428lt-08 N02 ,1912-•04 NACL ,2881-•IO NAO 
., h7 7t- 05 NAOH .4J7At-09 0 ,6076t-06 OH ,1101,-21 s ,)959;.14 so ,8028-•07 502 ,349611•09 503 
. ;>nn1 t- 19 ST ,IA87t-2 0 5!0 ,3713t-;:>O AL O?. ­ .3023ll•2'1 CN• ,0000;+00 CO2• ,1147-•10 ct.­ ,0000-•oo CS• 
,] J47t-JO K• ,4733t•21 NO• . ?.2A2t •J4 NO?• ,701Qll•l4 NA• ,2915--19 o- ,s105--15 OM• ,2622-•17 02-
,26J2t- ;:>8 SH• .123Jt•25 50• .) JQ2 t-17 S02-

r,1 ASS .......... .I076t-01 AL2 J3 I • • 2CJn4t-o7 MULL! TE .12\i<,t•Ol CAO L. ,ooooi+oo CSOH L ,3102,-11 FEAL204L,1650- 00 FED L 
. 30,'lt - nl ~ALO? L .1111; 0~ K25T0 3 L.314At-o? NAOH L .li724t•OI SI02 L 

SULF . A~O CARA.. .2h63t-02 K2CJ3 L .onoot•o o K2Co, C .ooo oit•OO K2S04 L .9973; 00 K2504 C 

rnr ALGAS GLA5S •• SlJLF. AN MIXTURE 
MOLAR QIIA'HTTY !Gll A"l•M1LE Sl . 511Aat •0 4 .5756t•Ol ,1001t•02 ,5334it+04 
AVERAf,F M(lL FClJt AR ~E I GHT (AM U) . 1n59 t+ O:> .l3n5t•03 ,1742-•03 .3097-•02 
MAS S (KlLOG~ AM5 l .J h27 t+O, .751?ll 00 ,1746t+Ol ,1652-•03 
VOLIJMF (CUBIC•"1ETERSJ . 5?3 7t•o, .?.2?CJat•03 ,6565-•03 .5237t+03 
OENSITY (~TLO<iRAMS/CUHIC METE R) • 31 01,at On .337ot+04 .266nit•04 ,315411 oo 
f.NTROPy (f.RAMCALORIES/)EG~l .1 2 1 I at+O", .46A9t+03 ,j0\'111+04 ,3226it+06 
REACTION ENTH ALPY IKIL OC ALO~TE SJ •. l I I 'lt•O"­ -.15J7t•04 •,303?ll+04 -.ll64ll+06 
HEAT OF FORMATION (KIL OCALO~!ESJ •• l , 33t+O", -.l&qht•04 •.344?11•04 •,1584ll•06 
SE N5 1At F. HfAT (l(IL OCALO~IESl .4144t•O~ .16AAil•03 .4104-•03 .4202it+05 
FROZE N rP (r,MCAL/GMMOL•)E GKI .95 AOt+01 .35A6t•02 ,5134t•02 ,9686ll•Ol 
AO!AHATTC FXPANS!O~ CDEFFTCIE'IT • l lli?t • 1 50NTC SPEED (METERS/SECOND) 

OEHYE IFNGTH ("lETERS).2017~,i- 03 FLECT PON OE'IS TTY (PER M,31.14660;+11 COLLISION FREQUENCY (PER SEC) ,53867-+12 
COEFF!r.TE~TS FOR O~M ,5 LAW., SIGMA ■ SCALAR CONO (M~0 /1.lF.TERl .7948at•09 BETA! (SQM•VOLTINE•TON) ••4258ll•09 
F!ETA2 (A55 IJ "1TN<i ZF<lO TON SL!Pl (5()M•VOLT/TESU-N~WTON1 .ooooi•oo THETA I (VDLT/DEGK) -,2594-•04
MA<",'IETTC I NOUC TTON (ABS A) (Ec;L/1) . oooo ;+OO .2001)- ♦ 0l .400011+01 ,6000t•OI ,8000at•Ol ,1000it+02 ,1200-•02
CHI (METER• OHM /TcSLA) .44l?at•O'l 

0 
4J,4at+ O'l .4313;+09 ,4288it•09 .4276;•09 ,4270;•09 ,4267-•09

HALL PAR/\"1ETER .oooni,oo .1,917; /JO .1371;•01 ,2045t•OI .2719at•Ol ,3394;+01 ,4069-•0l
PST (METFR•OHM/5() TcSLAJ . Sld9 t+0 7 .1571t•07 .1847it•n7 ,1023;+01 .630o;•06 ,4216at•06 ,300211•06
THFTA?. (VOLT/TrSLA-)E GK I , A72? ;-o, .hOOht-05 .3105at-05 .1120;-05 .1059;•05 ,7087it•06 .50H;-06
THETA1 (VOLT/SQ TF.S LA-)EG KJ -.;:>~J,;.o, -.2020ll•IJ5 -,1044at•OS •,5784t•06 -,356lit•06 •,2383;•06 •,1697-•06 

https://0000,.00
https://OEALf.AS


PGH FNERGY MES CTR MULTIPHASE F<lU!L!Br>JIJ~ PROGRAM (ALGOL> 01MAY72 IIERSTON6 5 I 7 

STO!CHTnMETRY cGMOLl FOR CASE. !OENTJF!fn A<; SPENC:ER / OR,t TN r. 1-PHASE OEMONSTPATION 22USH 
.1QAAt•02 AR .3nOOt no AL0 2 .l2 30 t•n4 CO? .1000•-0l CA .2800t 00 CL2 .oooot•oo cs ,9500t 00 EE 
.6S02t•OJ H2 .?QOOt•O~ K .31Q6 t• 04 N2 .1500t 00 NA ,3492t+03 02 ,5000;•01 s2 .448011•01 S!02 

PRfSS tJPF. = I.no ATM, TEMPERATURE = 1000 nF GK 

[QlJJLTAPT lJM MO[ AM rJI/ ANTJTIES 
JOE Al C,AS •• ••••• .3Q88t•O~ AR .101ti•-?.l AL O, .12101•04 CO2 ,9968t-25 CA .l068t-08 CL2 .000011•00 cs 

.1 n11t-19 FF .3342t-O<; Hi:' • 7 t 65 t-n H K .1396;+04 N2 .170lt-07 NA , 1514t•ol 02 ,4249t-42 52 

.6A16t-19 s,o~ .1311•-15 E- .2n3Ht- 1'1 AL .3B1o;,-3o ALO ,2104t-11 AL(0H)2 .8993;-51 AL20 .438111-05 co 
•1774t-?7 r, n c; ,1446t-l4 CAO~ .~?l Ot- Oh CL .oooot•Oo CSCL .oooot+oo cs 0 .0000;•00 CSOH , 105611•14 EEO 
.31snt-n, Ff(OH12 .3o)lt-OQ H .ll OO t-01 HCL .65021+03 H20 .4229t-26 H2S .4262; 00 KCL ,557811-)0 l(Q 

.3?\Qt-n2 KOH .12601-17 N .3Q)',t-1 1 NH3 .<'>21/ll-02 NO .1210,-oi. N02 .122All 00 NACL .2023t-09 NAO 

.Qlt,7t-03 NAOH .l400t-07 0 .!?Jb t- nl OH .32'\llt-27 s .1928t-17 so ,!685;-01 S02 .516011-09 S03 

.1 0??t-4l SI .lQOAt-23 SID .bq9 ij t-71 AL02- .25401-33 CN­ ,oooot+oo co2- .40lot•09 CL­ ,oooot•oo CS• 

.4 0 \ 0 t-OY K• .6977t-2] NO - .IOlHl-11 N02 - .9009al-13 NA+ .2698-•21 o- ,6579t-16 OH- .s239;-1a 02-

.Q?SOt-17 c;H- .713]t-33 SO- ,90A 9 t-? 2 so2-
nL~S~ •···•••••· .1126i on AL2J1 1. .IOh 5t- O', Ml)LL rTF .10001-01 CAO t .oooot+OO CSOH L ,315Rt-13 FEAL204L,9500t 00 EEO L 

,7472t-OI KALO' L .3QO?t+Ol K2ST03 L.26?6•-nl NAOH L .57/llt 00 S102 L 
SIJLF. A\jO CARR,. .nooot+OO K2CJ3 L .34<, 0 t no K2C01 C .oooot•OO K2SQ4 L .1000;+02 K2S04 C 

MOLAR FRACTION<; WITHIN PHASES 
TDEALGAS ••••••• .74Q9t-O?. AM .lQ} Qt-?5 ALO ~ .231U 00 CO2 .1075;.20 CA .2009;-12 CL2 .oooot•oo cs 

.S77<;t-?3 FE .6?84t-OY H2 .l]l,/1-11 K .638<,al 00 N2 ,319911-11 NA .2ai.0;-03 02 .7990t-46 52 

.1 ? A6 t-?2 SI D' .?.466t-lQ E- .1A] 3 t-4? AL .7174al-34 ALO .3956,t-}5 AL(0H)2 ,169),t-54 AL20 .823811-09 co 
••135t-31 r OS .?7!8t-1 8 CAO~ .17 32 1- 0Q CL .nooot•Oo CSC L .oooot+oo cs 0 .000011•00 CSOH ,1985t-18 FED 
,6?QQt-nQ FF.( DH12 .5663t-1J H .206 9;- ns HCL .12?3" 00 H20 ,7953t-30 H2S ,801411•04 KCL .104911-13 KO 
•h0,1t-06 KOH ,2369t-2J N .716lt- 17 NH3 .11r,9t-05 NO .2216t-oa N02 ,23lot•04 NACL ,380411-13 NAO 
.17?4t-06 NAOH .2633t-11 0 .23?4t- OI OH ,6127"-31 s .3626t-2l so .316911•11 502 .9703t-13 S03 
.,ti 84t-51 ST ,3S88t-2T STO .1?97t- 21, AL O?. - .4777al-37 CN­ .0000;.oo CO2- .7542;-13 c~­ .oooot•oo CS+ 
.7S40 t-1J K• .131?t-26 NO - .191 5 1-17 NO?. ­ .1694t-16 NA+ .5073t-25 O• .123711-19 oH- • 9853t•22 02• 
.1739t-40 SH- .!14\t-36 so- .17 09 t-?5 S02-

GLASS•••••••••• .197lt-Ol AL2J3 L .1At,4t- Q6 MUL~rTE .1225;-01 CAO 1 .oooot+OO CSOH L .552811-14 EEAL204L,l663t 00 EEO L 
.110At-nl KALO? L .6~29t on K25T03 L.4,g5;- 07 NAOH L .1012al 00 5102 L 

SIJL F. A\jQ CARA., , OOOO t+O O K2C13 L .3144t- nl K?Co 1 C .oooot•OO K2S04 L .9666t 00 K2S04 C 

TIJ[ALG AS GI. ASS , , SI JLF • AN MIXTURE 
MOLAR OIJA\jTJ TY (GQ AM-MJLE S ! . ';J IAl+01, .S714al+Ol .1035;+02 ,5334t+Olt 
AIIERA~F MDLFCULAM ~FI GH T ( AM<)I . )059t+O? .1276t•03 •173)11+03 ,309711+02
MASS (KILOG~A'4<;1 .1 1,2 1t+01 .72A8t 00 ,1790t+Ol .1652t+03 
VDL IJM F ( CUH l C-'4E TER 5 l . 43b4 t+ 01 .21,,3a1-03 .678t,t•03 .4364t+03 
OENSITY (~TL0(;RAMS/C UH IC Mc TE P! . 312 1; o~ .3369al+04 ,2639t•04 .3785,t 00

Z fNT'l l) Py (GR AMCALO~IES/JEGK) .11201•0<, .4179al+03 .958~t+03 .3l33t+Ob 
_, RF ACTTON ENTHALPY (KJL <1 CALO~JESI -. l ? IAt•O'- -.15291+04 -,320qt•04 -.l266t+06 
w HEAT OF FORMATION (K!L OCALO~!ES! -. J533;+01, -.1r,s1t•04 -.J53it•04 -,15B4t•06 
c SE NS IRl F HF.AT (K!L OCALO~IE5J .1 14 ?t+0 5 .121Q,t+03 ,322?t+03 .3187t+05 
~ FR07EN r,P (C,MCAL/ G~M OL -JEGK) . g,?3 7;+ 01 .14541•02 ,457711+02 .9335t+Ol 
~ ADIABATIC FXPANSi O\j COEFFICIENT .1 274 t •1 SONIC SPEED (METERS/SECOND! 
z 
; DERYE 1.ENGTH (METERSJ.2074Jt-02 ft .ErTAON DFN<; TTY (PER M~3).1B09911+06 COLLISION FREQUENCY (PER SEC).66160t•l2 
1l COFFrrcTF'HS FnFI OMM,S LAW., SIGMA = 5CALA R CO ND (MIIO/~FTEQ) ,8027t-14 BETA! (SQM-VOLT/NEWTON) -,J449t•l4

,OOOOt•on THETA! <VDLT/DEGK) -.2786t-04~ :~~~~T1ti~~~~~~o~E~~s! 0 ~, SL!PI (TcSLA) (S~~~~~;:~~FS L :; ~~~ :~~; .4000t•Ol .6000t+OI .0000;•01 .1000-•02 .120011•02 
1l CH! (METER-OHM/TESLA! .1<; 91t+l4 .15SAi!+l4 ,3513;+14 .3486;+)4 ,3473;+14 .3465t+l4 .34b0t•l4 
► HAL L PAAA'4ETER .n ooo ;+ oo .,111; 00 .1128t•Ol ,1679t+Ol .2230;•01 .2101;+01 ,3333t•Ol 
~ PS! (METF.R-OH'4/SR T~SLA! .4 035t +I? .3 0 1?t•l2 ,179la1•12 ,!056t+l2 .6709a1•l1 .45b7t•ll .3285t•ll 
~ THETA? (VOLT/TF.SLA-JEC, K) .77 97 t- 05 .S917t-O, .3460 .. -0'\ .204)t-05 .1296;-os ,A826t-Ob ,6349t-06 
,. THETA1 (II OL T/SQ TF.S LA-)EG K) -.?1 H,i1 - os -.16<,?t-oS -.9684;-o,, -,5712•-06 -,3629t-06 -.2470t-06 -.1111t-06 

https://CN�.0000;.oo
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