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Abstract

A computer algorithm and software is presented here. The software provides a rational or polynomial approximation for a giving data
set. The software runs on Macintosh OS X; a copy can be obtained from the authors.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction in constructing the coefficient matrix, the actual solution
to this matrix is not discussed because it can be found in
A rational approximation is defined as the ratio of two any linear algebra textbook. Four different sub-matrices

polynomials: are constructed first and then the final matrix is composed
v . from these sub-matrices. The algorithm is presented in

Ry = O Ximar [ﬁ} . pseudo-code
o) 1+ ZiAil bixi M This pseudo-code can be easily transported to any com-

puter language. Do notice, however, thgiV/M] is a class
of Padé type. Defining a class of Padé type results in a sim-
pler and more elegant code. Nevertheless, this variable can

The coefficientsy; andb; can be determined using the least
squares error method:

. " N 2 be substituted by aArray type.
LSE=) | fi| 14D b/ | =D aix’ | .

i=0 j=1 j=1
(LSE) d(LSE) 3. Features

0

)

aaj abj

A small guide describing the functionality of the software
The resulting equations once expressed in matrix form canis presented in this section. The software, naffad¢, was

be readily solved with conventional linear algebra methods. created for generating rational approximations to important
Rational approximations are used for representing compli- fluids in solid oxide fuel cell$1].

cated structures, for either interpolation or extrapolation, and Padéis a versatile application for curve fitting. It provides
usually require less fitting parameters than polynomials do. @n easy way to calculate rational approximations, seldom to
find in mathematical software, and at the same time it can
generate polynomial approximations. A polynomial approx-

2. Algorithm imation (p[N/0]) is a special case of a more general family
of functions called rational function®[N/M]).
An algorithm for calculating the rational approxima-  1he Padé's main window opens after the software is

tion is presented in this section. The algorithm focuses launched; one click in the presentation window will activate
the main window. The basic components of the main win-

S dow are (seéig. 1):
* Tel.: +1-701-777-9495.

E-mail address:ehernand@und.nodak.edu (E. Hamdez-Pacheco). . . .
1 The squared erroE = (f(x) — P(x)/Q(x))2 will produce a set of 1. The qegree of the rational functldﬁade[ N M

non-linear equations, however, an alternative linear form was proposed 2- 1he input data fieldDat a:

by Cauchy—Pa&l (E = (f(x)0(x) — P(x)?)). 3. The data-box

0378-7753/$ — see front matter © 2003 Elsevier B.V. All rights reserved.
doi:10.1016/j.jpowsour.2003.09.057
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A xcg=B //This algorithm constructs matrices A, B.
// The solution to the equation above determines the fitting paramenters: cf
dim p[N/M] Pade type
input-data z,y;
p[N/M].datax — x;
p[N/M).datay — y;
for row=0to N + M
for col=0to N + M
if (col< N) and (row< N) { A(row,col)=-3F_, (p[N/M].datax) " " };
Sk pIN/M].datay x (p[N/M].datax)™*+Feol=N 1.
Sk pIN/M].datay x (p[N/M].datax)™ =N 3,
if (col> N) and (row> N) { A(row,col)=5"F_ (p|N/M].datay)? x (p[N/M].datax)" > 12N 1.

i
if

( ) ( )=
(col> N) and (row< N) { A(row,col)=
if (col< N) and (row> N) { A(row,col)=

) and ( -

(
(
(
(
next col

If (row< N) { Blrow)=-Y_{_ p[N/M].datay x (p[N/M].datax)"" };

if (row> N) { B(row)=3_F_ (p[N/M].datay) x (p[N/M].datax)™ "™ };
next row

// Solution:
p[N/M].c; = A~ x B

4. The buttons sectionConfirmdata, Coeffici -

ents, Cal cul ate, Renpve Row, Matri ces,

Del ete, Pl ot Results

3.1. Data field

and (2) through th€pen ... command in thé=i | e menu

bar. If the data set is small, we suggest to use the data field in
the main window, otherwise a pre-saved data set will be more
convenient. The data is entered in two steps, first the value
for the independent variable)(and secondly the value for
the dependent variable); After the data set is completed,

Basically, there are two ways the user can input data: (1) the user has the option to store the information for later use,

through the data field namdght a: in the main window;

" @ Pade File Edit Tools [d

Fig. 1. Main window.

this is accomplished using tifgave ... command in the

E é Pade File Edit Tools %

©0 dutahiziamca T —— 00 caaisiamean "I ——
_Input Data - RESULTS Input Data
Tax H Number of data: 38 = S Matrix of coefficients
| ax
e e —— & L TR
| e 1 -38 -15750 -7545500
1+E b X 1+z bx =-15750 =1545500 -4.137525
Coefficients: -7545500 -4.137525e409 ~-2.53876!
- -4.137525e+09 -2.530765e+12 -1.69626
No. X i a i ¥ -2.538765e+12 -1.696266a+15 ~-1.20dle
1200 1967 119.67036 a0= 35.36132 119.67036 -1.6962668+15 -1.204le+18  -8.911702
2 210 119.83 19.83356m al= -0.1160504 - ﬁ‘ﬂﬁéém -73€615.4 -4.066139%+08 -2 48816
3220 2008 [20.08286 A2 D, 0001663 —_]20.08286 -
[ aP30 2041 = 12041689 adn . 9.100102e-7 —120.41689 -1512.98
5 1240 __|20.83_ |20.83418 ad= -3.350651e-10 120.83418 -736615.4
6 250 213331 a5= -6.565237e-13 ~—57 3331 -4.0661390+8
. 6250 21,3331 = _21.333] -2.488168e+11 _
C7le0 T __J2L9119 bi= 0.0014418 219119 eenssene .
8 270 |} 22.56871 122.56871 -1.154576e+17 b4
9280 1233 123.30154 Statistics: 123.30154 e B
10290 l24.11 '24.10825 % DFI =31 124.10825 5
L, 11300 (2499 249866 v S*/MSE= 0.0000278 ~ |24.9866
ST ————T s = 0.0052697 s I Inuetse Mateiy
tsdt = 1.695527
Rational Function i i Vax/Covar Mukbium
Rattonal:Funciion 7.343607a-19  1.261459a-21 -2.01294
= i Xavg= 414.4737 n : | 4.817689-22 -1.514993e-23  8.04802
] A i ) -1.204373e-23  4.825396e-26  1.50979
R(.I) Zj:(} @; (’) Yavg= 39.01526 R( ) Zi—l) 45 (f) | -3.198244e-27  8.5975de-30  2.757731
i) = ; )= —]—""""—7| -5.010313e-30  3.386138e-32 -8.32676
14 Z”’ b (I.)J 8SX = 1.01753%e+6 1+ m b ( )J | 1.716393e-32 -7.246501e-35  4.207157
=171\ SSE = 0.0008609 7=1 Jj T | -7.810953e-23  2.42787e-25 8.12756e!
R = 09992999 T e
= 0. -207.9871 1.470457 -0.005711
{ Confirm Data ) (" Coefficients ) (@EHEINERD | R:adi= 0.9999996 ( confirm Data ) {_Coefficients ) (@ 2] 1.470457 -0.0356615 0.000164
=————— == —— e -0.005711801  0.0001643389 -1.741645
{ Remove Row ) [ Matrices ) Delete ) ARD; e 001077383 { Remove Row ) [ Matrices )} {  Delete ) 8.964039a-06 -3.8652250-07 1.865207-
2 2 =] £ -2.349881e-08  5.535576e-11 -1.928767 %
€ Plot Results ) € PlotResults 1.900696e-11 _ 1.995905e-13 -1.0\49211'
(_Plot Resuks ™} ) e
[ ——————————————— i T ———————————————————

Fig. 2. Matrices window.
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@ Pade File Edit Tools (& 400
80 FIT PLOT
— R134a
O Data Point )
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o Fig. 4. Polynomial approximation vs. rational approximation in estimating
] °o° o the saturation temperature of R134a as a function of the density (n); nc
BP9 o is the critical density; see [2].
v

-

when data is entered through the data field, its main func-

SR tion is to prevent the user from entering the wrong data.
The Coef fi ci ent s button re-activates the results win-
Fig. 3. Rational approximation and residual plot windows. dow in the screen; in some cases the user, accidentally or in

Fi | e menu bar. When using pre-saved data sets the datapurpose, has closed the results window and he or she may
has to be saved as tab-delimitedfile; Excel, and many  want it back into the screen, for example, when the ma-
other spreadsheets, incorporate this option. Once the data hagix window is displayed the results window is automatically
been input using either method, the data will be displayed in closed.

the data-box section of the main windokig. 1 shows the The Cal cul at e button, perhaps the most important
data-box containing a data set for the thermal conductivity button, calculates the rational approximation and displays
of ammonia. the resulting approximation in the results window. Besides

the coefficients (fitting parameters) the software calculates
3.2. Degree of the rational function valuable information, useful to determine the goodness of

the fit. The statistics calculated are based on the following
The Padé[ N M field allows the user to determine the
degree in the polynomials (humerator and denominator). Table 2
When zero is entered in the denominator the software calcu-Thermodynamic efficiency and EMF for a fuel cell operated with pure
lates the polynomial approximation that best fits the data set, ydrogen
otherwise a rational approximation is generated; the leastTemperature (K) A+ G° (kJmole) EMF (V) Nthermal (%)
squares error method is used for finding the fitting parame- g5 -

i X ) —228.5298 118 94.49
ters; see the algorlthm in former section. 373.15 —225.0320 1.16 93.05
573.15 —215.2774 111 89.01
3.3. Buttons section 773.15 —204.9616 1.06 84.75
973.15 —194.1746 1.00 80.29
. . 1173.15 —183.0214 0.95 75.68
_The buttons section F:ontams seven b_utton; that perform; 75 15 _165.8635 0.86 68.58
different tasks. Th€onf i r mDat a button is activated only
Table 1
Thermophysical properties for water {6)
[N/M] R?
c, [2/2] 33.253760 —0.007235433 3.047110805 —0.0001375154 5.05814007 0.9999
s° [1/3] 119.670700 1.058446000 0.0045406960  —5.492381E-07 7.037198E 11 0.9999
At H° [2/1] —238.039200 —0.073690040 2.072838806 0.0002495145 0.9995
AfG°® [1/2] —241.365800 0.044332430  —1.770163E-05 4.030592E-08 0.9999
M [1/2] —1.043642 0.031849010 —0.0003785168 1.97653807 0.9999

A [2/1] 31.182260 —0.111481900 0.0004250616 0.0025513490 0.9999
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equations: >_, SSE
B RE=1- —

SSX =) (xi =% SSE(k — 1
i—1 R*Adj=1- k)

SST((k—(N+ M +1) -1

k
SSE =Y (3 — Ri(x))? AAD — }i Ri@) =%l 100
= ,

i=1 i—1 Yi
k
SST = Z(y" —9)? The student distribution (t std = ¢*) is reported for a
1 90% confidence interval. The student distribution is useful
, SSE for calculating the confidence intervals for the coefficients;

= (a; £1* x sa;, b; £ 1* x sby;). The standard deviation for the
k=(N+M+1) coefficients can be determine from the diagonal elementsin
RMSE = s = (s2)1/2 the covariance metrix (see Mat r i ces button).

Table 3
Isobaric heat capacity (Cp,, (J(K mole)) for important fluids in SOFCs

T (K) CHg CyHg C3Hg CH30OH CyHs50OH CO, CcoO Ho H,O (o)} N2> NH3

243 33.9949 44.9101 61.8016 39.7383 57.0218 34.3148 20.0911 281892 334134 20.1888 29.0427 34.5178
273 34.8347 48.9953 68.2445 41.9984 61.6922 358628 29.0938 284581 335442 29.3633 29.0595  35.2962
303 35.9209 53.0443 74.5924 44.3234 66.4047 37.3021 29.1181 28.6794 33.6982 290.5476 29.0919 36.1106
333 37.2045 57.0437 80.8167 46.6911 71.0961 38.6426 29.1648 28.8575 33.8745 29.7421 29.1400  36.9561
363 38.6429 60.9821 86.8949 49.0817 75.7199  39.8033 20.2338 28.9977 34.0723 29.9471 29.2036  37.8277
393 40.1993 64.8496 92.8099 51.4777 80.2421 41.0617 29.3249 29.1056 342908 30.1627 29.2824  38.7209
423 41.8425 68.6376 98.5490 53.8642 84.6392 421550 29.4373 29.1869 34.5288 30.3890 29.3760 39.6313
453 43.5463 723393  104.1037 56.2283 88.8955 43.1793 295696 29.2471 347854  30.6254 294836  40.5547
483 45.2885 75.9492  109.4687 58.5595 93.0014 441401 29.7202 29.2914 35.0592 30.8713 29.6045  41.4872
513 47.0509 79.4628  114.6412 60.8488 96.9517  45.0424  29.8873 29.3247 353493 311258 29.7378  42.4254
543 48.8186 82.8770  119.6209 63.0894 100.7448 45.8908 30.0687 29.3510 35.6542 31.3875 29.8823  43.3659
573 50.5794 86.1895  124.4092 65.2756  104.3816 46.6893 30.2621 29.3738 359728 31.6548 30.0368  44.3059
603 52.3234 89.3990  129.0090 67.4032 107.8648 47.4415 304651 293961 36.3038 31.9257 30.2003  45.2426
633 54.0427 925047  133.4240 69.4693  111.1983 481508 30.6753 29.4203 36.6459 321980 30.3713  46.1736
663 55.7313 955068  137.6591 714718 1143871 48.8203 30.8907 294482 36.9979 324696 30.5487  47.0968
693 57.3844 98.4059  141.7196 734094 1174366  49.4527 311090 29.4812 37.3585 327381 30.7312 48.0104
723 58.9984 101.2030 145.6114 752817 120.3525 50.0505 31.3283 295202 37.7265 33.0012 309175 489126
753 60.5707  103.8998  149.3405 77.0888 1231408 50.6161 31.5470 295660 38.1008 332570 31.1065  49.8020
783 62.0995 106.4981 1529132 78.8311 1258075 51.1515 317635 29.6188 384802 335035 31.2971 50.6776
813 63.5837  109.0000  156.3359 80.5097 128.3585 51.6588 31.9767 29.6788 38.8636 33.7393 31.4882 51.5381
843 65.0225 1114078  159.6147 82.1257  130.7995 521396 321855 297460 39.2500 33.9633 31.6789  52.3829
873 66.4158  113.7241  162.7561 83.6807 1331361 525958 32.3890 29.8203 39.6384 34.1748 31.8683 53.2111
903 67.7637 1159515  165.7661 85.1763 1353738 53.0287 325866 29.9012 40.0278 343732 32.0557 54.0223
933 69.0667  118.0928  168.6507 86.6143  137.5176  53.4398 32.77/79 29.9886 40.4175 345587 32.2404 54.8161
963 70.3254  120.1508  171.4156 879966 139.5724 53.8304 329625 30.0819 40.8065 34.7315 324218 555920
993 715407 1221282  174.0666 89.3250 141.5430 54.2017 33.1402 30.1809 41.1942 34.8920 325993  56.3501
1023 727133  124.0280 176.6090 90.6017 1434337 545549 333110 30.2849 415799 350410 32.7727  57.0900
1053 738444 1258530  179.0479 01.8285 1452488 54.8900 33.4748 30.3936 419629 351793 329416 57.8119
1083 749352 127.6059  181.3883 93.0075 146.9922 552108 33.6318 305065 42.3427 353078 331057 585158
1113 75.9866  129.2895  183.6350 94.1405 148.6675 55,5155 33.7820 30.6231 42.7187 354274  33.2647  59.2017
1143 76.9999  130.9065  185.7924 952294  150.2784  55.8057 33.9257 30.7431 43.0905 355392 334187 59.8699
1173 779764 1324596  187.8649 96.2762  151.8281 56.0823 34.0631 30.8659 43.4577 35.6439 335675 60.5205
1203 789171  133.9513  189.8565 97.2826  153.3198 56.3461 34.1943 309912 43.8198 357426 33.7110 61.1539
1233 79.8233 1353842  191.7711 98.2504  154.7564 56.5976  34.3197 31.1186 44.1767 35.8360 33.8492 61.7701
1263 80.6962 136.7606  193.6125 90.1812  156.1405 56.8376  34.4394 31.2478 445279 359249 339823  62.3697
1293 81.5369 138.0829 1953841 100.0767 157.4750 57.0666  34.5539 31.3783 44.8733 36.0100 34.1101 62.9529
1323 82.3466  139.3534 197.0892 100.9385 158.7621 57.2853 34.6633 315099 452127 36.0919 342329 63.5200
1353 83.1263  140.5743  198.7310 101.7680 160.0042 57.4941 34.7678 31.6422 455459 36.1711 34.3507 64.0714
1383 83.8771 1417477  200.3124 1025667 161.2035 57.6936 34.8679 317750 45.8728 36.2483 34.4637 64.6074
1413 84.6001 142.8755 201.8364 103.3359 162.3620 57.8842 34.9636 31.9080 46.1933 36.3237 34.5720 65.1285
1443 852963  143.9598 203.3055 104.0771 1634816 58.0664 35.0553 32.0409 46.5072 36.3978 34.6756  65.6351
1473 85.9666  145.0024 204.7223 104.7913 164.5641 58.2406 351432 321735 46.8147 36.4708 34.7748 66.1274
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The Renpve Row button removes the last data added to
data-box.

The Mat ri ces button displays the matrices created in
the generation of the Padé correlations (see Fig. 2). The
results are presented in the Matrices window. The reason we
keep them available is because they are useful to find errors
or for checking how the approximation is working.

The Del et e button deletes everything and leaves the
environment ready for a new approximation.

The Pl ot Resul t s button plots the data set, the esti-
mated values (approximation) and the residual plot, in two
additional windows. This is the first analysis that is recom-
mended to see the goodness of the fit. A visua inspection
is useful for identifying the randomness of the errors and
also to check the convergence of the approximation. When

the approximation does not converge a truncated plot is
shown. When the approximation does converge the soft-
ware evaluates around 5000 points between: 160% of the
highest independent value (xmax), and —160% of the lowest
independent value (xmin). This alows the user to see if the
approximation preserves a reasonable trend, hence can be
used for extrapolation purposes (see Fig. 3).

4. Examples

The Padé software was used in [1] for calculating ther-
mophysical properties of fluids common to SOFCs. The
reason why rational functions are considered in [1] is be-
cause they are useful when few experimental data points are

Table 4
Entropy of formation (A+S°, (J(K mole)) for important fluids in SOFCs
T (K) CHy CyHg CsHg CH3OH CyHsOH  CO» CcO Ha> H>,O O N2 NH3
243 179.1128 219.4431 256.3626 231.9127 269.2160 206.4265 191.5435 124.8743 181.8915 199.1856 185.6099 185.4343
273 1828172 2247565 2639572 236.2946 2759874 210.4144 194.9809 128.1440 185.7302 202.3573 189.0169 189.3704
303 186.3773 229.9864 2714395 240.5673 282.6136 214.1865 198.0660 131.1154 189.2183 205.3060 192.0702 193.0441
333 189.8072 2351348 278.8109 244.7357 289.0994 217.7631 200.8623 133.8334 192.4133 208.0573 194.8354 196.4914
363 193.1191 240.2031 286.0733 248.8044 2954496 221.1624 203.4188 136.3343 1953605 210.6329 197.3627 199.7417
393  196.3240 2451932 2932282 2527779 301.6687 224.3999 205.7738 138.6477 198.0964 213.0514 199.6908 202.8197
423 199.4311 250.1067 300.2772 256.6602 307.7612 227.4896 207.9578 140.7979 200.6507 215.3289 201.8504 205.7460
453 2024489 254.9450 307.2219 260.4552 313.7310 230.4439 209.9954 142.8052 203.0477 217.4793 203.8660 208.5381
483 205.3848 259.7097 314.0638 264.1667 319.5821 233.2737 211.9064 144.6867 205.3073 219.5148 205.7572 211.2107
513 208.2452 264.4023 320.8044 267.7982 3253185 2359888 213.7072 146.4568 207.4464 2214462 207.5402 213.7765
543 211.0360 269.0242 327.4453 271.3529 330.9436 2385979 2154113 148.1277 209.4791 223.2827 209.2283 216.2463
573 2137624 2735769 3339878 274.8339 336.4610 2411090 217.0302 149.7099 2114172 225.0327 210.8327 218.6295
603 216.4291 278.0616 340.4335 278.2443 341.8741 2435290 2185733 151.2123 2132708 226.7036 212.3625 220.9344
633  219.0402 2824798 346.7838 281.5867 347.1859 2458645 220.0487 152.6429 215.0488 2283018 213.8256 223.1679
663 2215994 286.8328 353.0400 284.8640 352.3996 2481211 221.4633 154.0084 216.7587 229.8332 215.2288 225.3364
693 2241101 291.1217 359.2035 288.0787 357.5182 250.3040 222.8230 155.3148 2184068 231.3031 216.5776 227.4452
723 226.5752 295.3478 365.2758 291.2331 3625444 2524182 2241329 156.5672 219.9989 232.7161 217.8772 229.4993
753 2289975 2995124 371.2581 294.3295 367.4810 254.4678 2253975 157.7703 2215399 234.0766 219.1317 231.5027
783 2313794 303.6166 377.1517 297.3702 3723307 256.4568 226.6205 158.9282 223.0342 235.3882 220.3449 233.4594
813 233.7231 307.6615 382.9580 300.3572 377.0958 258.3889 227.8053 160.0445 224.4855 236.6545 221.5200 235.3727
843  236.0307 311.6482 388.6782 303.2924 381.7789 260.2673 228.9549 161.1225 2258973 237.8786 222.6598 237.2455
873 238.3037 3155778 394.3135 306.1779 386.3822 262.0951 230.0719 162.1649 227.2725 239.0634 223.7670 239.0804
903 2405440 319.4515 399.8653 309.0153 390.9081 263.8751 231.1585 163.1745 228.6138 240.2114 224.8436 240.8800
933 2427529 323.2701 405.3346 311.8065 3953586 265.6099 232.2167 164.1535 229.9235 241.3251 225.8917 242.6462
963 2449318 327.0348 410.7228 3145530 399.7358 267.3018 233.2484 165.1040 231.2039 2424066 226.9130 244.3811
993 247.0817 330.7464 416.0309 317.2564 404.0418 268.9530 234.2552 166.0280 2324567 243.4579 227.9092 246.0862
1023  249.2039 334.4061 421.2602 319.9183 408.2784 270.5655 2352384 166.9272 233.6837 2444809 228.8816 247.7632
1053 251.2991 338.0146 426.4117 3225400 4124476 2721412 236.1994 167.8032 234.8863 2454773 229.8316 249.4134
1083  253.3683 341.5729 4314867 325.1230 416.5511 273.6818 237.1393 168.6573 236.0661 246.4485 230.7602 251.0381
1113 2554122 345.0819 436.4861 327.6685 420.5907 275.1890 238.0592 169.4910 237.2242 247.3962 231.6685 252.6384
1143 2574315 3485425 4414112 330.1779 4245679 276.6641 238.9599 170.3053 238.3618 248.3215 2325574 254.2153
1173 250.4268 351.9555 446.2629 332.6523 4284845 278.1087 239.8423 171.1015 239.4799 249.2257 2334278 255.7697
1203  261.3986 355.3217 451.0423 335.0929 432.3420 279.5240 240.7071 171.8805 2405793 250.1099 234.2806 257.3024
1233 263.3473 358.6420 455.7504 337.5008 436.1419 280.9112 2415550 172.6432 241.6610 250.9753 235.1163 258.8141
1263  265.2734 361.9171 460.3883 339.8770 439.8857 2822715 2423867 173.3905 2427258 251.8228 2359356 260.3056
1293 267.1772 365.1479 464.9570 3422227 4435747 283.6058 243.2027 1741232 243.7742 252.6534 236.7392 261.7773
1323 269.0589 368.3350 469.4574 3445388 447.2103 2849152 244.0034 174.8420 244.8069 253.4678 237.5275 263.2299
1353 2709189 371.4792 473.8905 346.8262 450.7939 286.2005 244.7894 1755476 245.8246 2542669 238.3012 264.6637
1383 2727574 3745813 478.2574 349.0858 454.3266 287.4627 2455610 176.2407 246.8277 255.0515 239.0605 266.0793
1413 2745743 377.6419 4825588 351.3186 457.8099 288.7025 246.3186 176.9218 247.8167 255.8222 239.8061 267.4769
1443  276.3700 380.6618 486.7959 353.5253 461.2447 289.9207 247.0626 177.5914 248.7921 2565797 2405383 268.8570
1473 278.1445 383.6416 490.9694 355.7069 464.6323 291.1180 247.7932 178.2502 249.7541 257.3246 241.2573 270.2197
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available and when polynomia approximation can not be
used for extrapolation. Two examples are reported in [1]
showing these qualities. Here a different situation is pre-
sented. Another very important feature of rational functions
is that they are able to represent complicated structures.
For complicated we mean functions that do not preserve a
smooth tendency.

4.1. Example 1

The saturation temperature for the refrigerant R134a is
approximated using both, rational and polynomial approxi-
mation. The data set was taken from [2]; Ray et d. [2] re-
port the method of rational approximation in the generation
of equations of state that are simpler than the ones found
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in the literature for real fluids. The Padé software was used
for this purpose, the data set was generated from correla-
tions reported in [2]. The results clearly show (see Fig. 4)
the inability of the polynomial to approximate the data spe-
cially in the top of the curve. Rational approximation works
better when the shape of the function being approximated
change suddenly, asin this case, where after an amost con-
stant trend (top) the function suddenly starts to decrease.

4.2. Example 2: efficiency of a fuel cell

The theoretical maximum fuel cell efficiency (ntherma) for
burning hydrogen can be readily determined from the ther-
mophysical properties reported in [1]. Lets assume that the
thermodynamic efficiency is required for a fuel cell fueled

Table 5
Enthalpy of formation (At H°, (kJmole)) for important fluids in SOFCs
T (K) CHga CyHg C3Hg CH30OH CyH50H CO, CcoO Ha> H,O O N2 NH3
243 —73.2359 —80.9368 —99.7372 —198.6534 —231.6243 —393.4457 —110.8378 0.0000 —241.1991 0.0000 0.0000 —44.7058
273 741145 826278 —102.0141 —199.9374 —233.3840 —393.4588 —110.6292 0.0000 —241.5484 0.0000 0.0000 —45.4012
303 —75.0130 —84.2503 —104.1724 —201.1582 —235.0522 —393.4763 —110.4597 0.0000 —241.8894 0.0000 0.0000 —46.0711
333 759213 —85.8047 -—106.2159 -—202.3187 —236.6319 —393.4978 —110.3254 0.0000 —242.2223 0.0000 0.0000 —46.7154
363 —76.8301 —87.2912 -108.1485 —203.4216 —238.1263 —393.5232 —110.2225 0.0000 —242.5471 0.0000 0.0000 —47.3342
393 —77.7317 —88.7106 —109.9741 —204.4695 —239.5381 —393.5521 —110.1479 0.0000 —242.8642 0.0000 0.0000 —47.9274
423 —78.6191 —90.0636 —111.6964 —205.4647 —240.8705 —393.5845 —110.0988 0.0000 —243.1735 0.0000 0.0000 —48.4953
453 —79.4869 —91.3511 -—113.3192 -—206.4096 —242.1262 —393.6199 —110.0728 0.0000 —243.4754 0.0000 0.0000 —49.0380
483 —80.3303 —925744 1148462 —207.3063 —243.3082 —393.6584 —110.0677 0.0000 —243.7699 0.0000 0.0000 —49.5558
513 —81.1458 —93.7346 —116.2809 —208.1570 —244.4193 -393.6995 —110.0816 0.0000 —244.0571 0.0000 0.0000 —50.0491
543 —81.9306 —94.8331 —117.6269 —208.9635 —245.4623 —393.7432 —110.1127 0.0000 —244.3373 0.0000 0.0000 —50.5181
573 826828 —95.8715 -—118.8877 —209.7278 —246.4397 —393.7893 —110.1597 0.0000 —244.6106 0.0000 0.0000 —50.9632
603 —83.4012 —96.8512 —120.0665 —210.4515 —247.3544 —393.8376 —110.2211 0.0000 —244.8771 0.0000 0.0000 —51.3850
633 —84.0849 —97.7739 -—121.1667 —211.1365 —248.2087 —393.8878 —110.2956 0.0000 —245.1369 0.0000 0.0000 —51.7839
663 —84.7338 —98.6413 —122.1915 -—211.7841 —249.0054 —393.9399 -110.3823 0.0000 —245.3901 0.0000 0.0000 —52.1604
693 —853481 —99.4551 —123.1439 -—212.3961 —249.7468 —393.9937 —110.4800 0.0000 —245.6370 0.0000 0.0000 —52.5150
723 —859281 -—100.2170 —124.0270 —212.9738 —250.4353 —394.0490 -110.5879 0.0000 —245.8775 0.0000 0.0000 —52.8483
753 —86.4747 —100.9288 —124.8437 —2135186 —251.0732 —394.1057 —110.7051 0.0000 —246.1119 0.0000 0.0000 —53.1608
783 —86.9887 —101.5924 —1255068 —214.0317 —251.6627 —394.1636 —110.8310 0.0000 —246.3402 0.0000 0.0000 —53.4532
813 —87.4711 -102.2094 —126.2889 —214.5146 —252.2062 —394.2227 —110.9649 0.0000 —246.5626 0.0000 0.0000 —53.7261
843 —87.9233 -—102.7817 —126.9229 -—214.9682 —252.7056 —394.2827 —111.1060 0.0000 —246.7791 0.0000 0.0000 —53.9799
873 —88.3463 -103.3110 —127.5011 -—215.3939 —253.1630 —394.3436 —111.2539 0.0000 —246.9900 0.0000 0.0000 —54.2155
903 —88.7414 -103.7990 —128.0261 -—215.7926 —253.5805 —394.4052 —111.4080 0.0000 —247.1952 0.0000 0.0000 —54.4332
933 —89.1100 —-104.2475 —128.5003 —216.1654 —253.9599 —394.4674 —111.5679 0.0000 —247.3948 0.0000 0.0000 —54.6339
963 —89.4533 -—104.6581 —128.9258 —216.5133 —254.3031 —394.5303 —111.7331 0.0000 —247.5891 0.0000 0.0000 —54.8180
993 —89.7726 —105.0326 —129.3050 —216.8372 —254.6118 —394.5935 -—111.9032 0.0000 —247.7780 0.0000 0.0000 —54.9862
1023 —90.0691 —105.3724 —129.6398 —217.1381 —254.8879 —394.6571 —112.0778 0.0000 —247.9618 0.0000 0.0000 —55.1391
1053 —90.3440 -—105.6792 —129.9325 -—-217.4168 —255.1330 —394.7210 —112.2566 0.0000 —248.1403 0.0000 0.0000 -—55.2773
1083 —90.5985 —105.9545 —130.1848 —217.6741 —255.3486 —394.7851 —112.4392 0.0000 —248.3139 0.0000 0.0000 —55.4013
1113 —90.8337 —106.1997 —130.3988 —217.9108 —255.5364 —394.8494 —112.6254 0.0000 —248.4825 0.0000 0.0000 -—55.5117
1143 —91.0507 -106.4164 —130.5761 —218.1278 —255.6979 —394.9137 —112.8149 0.0000 —248.6462 0.0000 0.0000 —55.6091
1173 —91.2505 —106.6059 —130.7186 —218.3256 —255.8344 —394.9781 —113.0074 0.0000 —248.8051 0.0000 0.0000 —55.6941
1203 —91.4340 -106.7695 —130.8279 —2185050 —255.9474 —395.0425 —113.2027 0.0000 —248.9594 0.0000 0.0000 -55.7671
1233 —91.6023 —106.9086 —130.9056 —218.6667 —256.0383 —395.1069 —113.4005 0.0000 —249.1090 0.0000 0.0000 —55.8287
1263 —91.7562 —107.0243 —130.9531 -—218.8114 —256.1082 —395.1711 -—113.6006 0.0000 —249.2541 0.0000 0.0000 —55.8794
1293 —91.8965 —107.1180 —130.9721 —218.9395 —256.1584 —395.2353 —113.8030 0.0000 —249.3947 0.0000 0.0000 —55.9197
1323  —92.0239 -107.1907 —130.9638 —219.0518 —256.1901 —395.2993 —114.0073 0.0000 —249.5309 0.0000 0.0000 —55.9501
1353 —92.1393 -—107.2435 —130.9297 —219.1488 —256.2045 —395.3633 —114.2133 0.0000 —249.6628 0.0000 0.0000 —55.9710
1383 —92.2434 -107.2776 —130.8710 —219.2311 —-256.2026 —395.4271 —114.4210 0.0000 —249.7905 0.0000 0.0000 -—55.9829
1413 —92.3367 —107.2939 —130.7889 —219.2990 —256.1855 —395.4908 —114.6302 0.0000 —249.9140 0.0000 0.0000 —55.9862
1443  —92.4199 -107.2934 —130.6847 —219.3533 —256.1543 —395.5543 —114.8408 0.0000 —250.0334 0.0000 0.0000 -55.9814
1473 —92.4936 —107.2770 —130.5594 —219.3943 —-256.1098 —395.6178 —115.0525 0.0000 —250.1487 0.0000 0.0000 —55.9689
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with pure hydrogen. The burning of hydrogen takes place
under the following conditions:

Hz + 10, — H,0q

AsG°(D)
f H°

Nthermal (%0) = x 100

Tr = 298.15K
A Hr° = —241.8349kJ/mole”

The value for A¢H7,° is calculated using the correlation
reported in Table 1 (Af H®).

The open circuit voltage (EMF) can be also determined
directly from the correlations for the Gibbs free energy
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of formation reported in the paper. The EMF is defined
as:

_A o

EME = 167 (D
2F

F = 96.485C

Using the former equations and the correlation reported in
Table 1 (A;G°), we can investigate the maximum voltage
obtainable from the cell and the thermodynamic limit in the
cell. The results are shown in Table 2.

Similar results can be obtained for different reactions,
using the appropriate thermodynamic rel ations; this example
was taken from [3], but the results where cal culated with the
thermophysical properties reported in Table 1.

Table 6
Gibbs Free Energy of formation (A;G°, (kJmole)) for important fluids in SOFCs
T (K) CHy CyHg C3Hg CH3O0H CyH50H CO, CcO Ho H,O O N2 NH3
243 550876 —41.6849 —38.2433 —169.4671 —179.9828 —394.2239 —-132.2741 0.0000 —231.0370 0.0000 0.0000 —21.7488
273 527698 —36.4884 —30.2798 —165.6139 —173.4740 —394.3178 —134.9763 0.0000 —229.6830 0.0000 0.0000 —18.8397
303 —-50.3594 —31.1858 —22.1534 -—-161.6787 —166.7876 —394.4092 —137.6802 0.0000 —228.3128 0.0000 0.0000 —15.8655
333 —47.8639 —257813 —13.8751 -—157.6656 —159.9467 —394.4979 —140.3855 0.0000 —226.9265 0.0000 0.0000 —12.8334
363 —452900 —20.2796 —5.4553 1535785 —152.9710 —394.5840 —143.0920 0.0000 —225.5245 0.0000 0.0000 —9.7497
393 426444 —14.6854 3.0956 —149.4215 -—145.8772 —394.6677 —1457993 0.0000 —224.1071 0.0000 0.0000 —6.6197
423  —39.9329 —9.0035 11.7677 —145.1986 —138.6797 —394.7489 —148.5072 0.0000 —222.6746 0.0000 0.0000 —3.4481
453 —37.1613 —3.2388 205513 —140.9137 —131.3910 —394.8276 —151.2154 0.0000 —221.2274 0.0000 0.0000 —0.2393
483 —34.3346 2.6038 2904373 —136.5710 —124.0216 —394.9039 —153.9236 0.0000 —219.7658 0.0000 0.0000 3.0031
513 —31.4577 8.5192 384168 —132.1741 -—116.5810 —394.9779 —156.6313 0.0000 —218.2901 0.0000 0.0000 6.2758
543  —28.5350 14.5025 474814 —127.7271 —-109.0772 —395.0495 —159.3384 0.0000 —216.8007 0.0000 0.0000 9.5759
573 255704 20.5488 56.6232 —123.2337 —101.5175 —395.1188 —162.0444 0.0000 —215.2979 0.0000 0.0000 12.9008
603 —22.5678 26.6530 65.8345 —118.6975 —93.9080 —395.1859 —164.7491 0.0000 —213.7822 0.0000 0.0000 16.2480
633 —19.5304 32.8104 75.1082 —114.1222 —86.2543 —395.2508 —167.4520 0.0000 —212.2538 0.0000 0.0000 19.6156
663 —16.4615 39.0163 84.4377 —109.5110 785613 —395.3134 -170.1528 0.0000 —210.7131 0.0000 0.0000 23.0015
693 —13.3638 45.2660 93.8167 —104.8675 —70.8334 —395.3739 —172.8513 0.0000 —209.1606 0.0000 0.0000 26.4042
723  —10.2401 515551  103.2393 -100.1946 —63.0744 —395.4323 -175.5469 0.0000 —207.5965 0.0000 0.0000 29.8219
753 —7.0926 57.8793 1127001 —95.4955 552878 —395.4886 -—178.2396 0.0000 —206.0212 0.0000 0.0000 33.2534
783 —3.9237 64.2345 1221942 —90.7729 —47.4766 —395.5428 —180.9289 0.0000 —204.4352 0.0000 0.0000 36.6973
813 —0.7351 70.6169  131.7170 —86.0297 —39.6436 —395.5950 -—183.6145 0.0000 —202.8389 0.0000 0.0000 40.1524
843 2.4712 77.0226 141.2643 —81.2682 —31.7913 —395.6452 —186.2962 0.0000 —201.2325 0.0000 0.0000 43.6177
873 5.6935 834485  150.8324 —76.4908 —239219 -—395.6934 -—188.9737 0.0000 —199.6165 0.0000 0.0000 47.0922
903 8.9304 89.8912  160.4179 —71.6997 —16.0374 —395.7397 —191.6467 0.0000 —197.9913 0.0000 0.0000 50.5750
933 12.1804 96.3480 170.0178 —66.8969 —81396 —395.7841 —194.3151 0.0000 —196.3572 0.0000 0.0000 54.0653
963 154424  102.8161  179.6294 —62.0840 —0.2301 —-395.8266 —196.9787 0.0000 —194.7148 0.0000 0.0000 57.5623
993 18.7151 109.2934 189.2504 —57.2627 7.6896 —395.8672 —199.6372 0.0000 —193.0643 0.0000 0.0000 61.0653
1023 219975 1157778  198.8788 —52.4343 15.6182 —395.9060 —202.2905 0.0000 —191.4061 0.0000 0.0000 64.5737
1053 25.2886 122.2675 208.5130 —47.6000 235544 —395.9431 —-204.9385 0.0000 —189.7407 0.0000 0.0000 68.0869
1083 285877 1287613 2181517 —42.7608 31.4973 —-395.9783 -207.5812 0.0000 —188.0684 0.0000 0.0000 71.6042
1113 31.8937 135.2581 227.7937 —37.9175 394458 —396.0118 —210.2183 0.0000 —186.3897 0.0000 0.0000 75.1253
1143 352062  141.7570  237.4384 —33.0705 47.3991 —396.0435 —212.8499 0.0000 —184.7048 0.0000 0.0000 78.6497
1173 38.5243 148.2579 247.0852  —28.2203 55.3563 —396.0736 —215.4760 0.0000 —183.0143 0.0000 0.0000 82.1768
1203 41.8474 1547605  256.7339 —23.3670 63.3167 —396.1020 -218.0964 0.0000 —181.3186 0.0000 0.0000 85.7063
1233 45.1751 161.2652 266.3846  —18.5105 712797 —396.1288 —220.7114 0.0000 —179.6179 0.0000 0.0000 89.2378
1263 485068 167.7725  276.0374 —13.6507 79.2447 —396.1539 -—223.3208 0.0000 —177.9127 0.0000 0.0000 92.7709
1293 51.8420 174.2834 285.6928 —8.7869 87.2111 —396.1774 —225.9248 0.0000 —176.2034 0.0000 0.0000 96.3053
1323 55.1804  180.7993  295.3516 -3.9186 951785 —396.1994 -—228.5234 0.0000 —174.4904 0.0000 0.0000 99.8408
1353 58.5215 187.3216 305.0147 0.9552 103.1464 —396.2198 —231.1167 0.0000 —172.7740 0.0000 0.0000 103.3769
1383 61.8649  193.8525  314.6830 5.8355  111.1145 -396.2387 —233.7048 0.0000 —171.0546 0.0000 0.0000  106.9135
1413 65.2104 200.3942 324.3580 10.7237 119.0823 —396.2560 —236.2879 0.0000 —169.3327 0.0000 0.0000 110.4503
1443 68.5577  206.9494  334.0410 15.6213  127.0496 —396.2719 -—238.8660 0.0000 —167.6085 0.0000 0.0000  113.9871
1473 71.9065 213.5212 343.7337 20.5301 135.0162 —396.2863 —241.4394 0.0000 —165.8825 0.0000 0.0000 117.5235
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Table 7
Enthalpy (H°, (kJmole)) for important fluids in SOFCs
T (K) CHa CyHg C3Hg CH30OH CoHs0OH CO, CcO H, H»0 O, Nz NHsz
243 —76.7995 —86.7074 —107.6363 —203.1974 —238.1428 3955232 —112.1626 —243.7305 —47.8128
273 —75.7638 —85.2881 —105.6561 —202.0386 —236.3918 —394.4509 —111.2706 —242.7045 —46.7831
303 —74.7002 —83.7509 —103.4956 —200.7885 —234.4852 —393.3401 —110.3866 —241.6788 —45.7262
333 —73.6020 —82.0965 —101.1558 —199.4511 —232.4281 —392.1927 —109.5074 —240.6522 —44.6415
363 —72.4639 —80.3260 —098.6385 —198.0297 —230.2260 —391.0103 —108.6303 —239.6235 —43.5283
393 —71.2816  —78.4406 —959462 —196.5274 —227.8840 —389.7947 —107.7531 —238.5918 —42.3864
423 —70.0521 —76.4420 —93.0821 —194.9471 2254072 —3885474 —106.8739 —237.5559 —41.2153
453 —68.7729 —74.3319 —90.0498 —193.2917 —222.8007 —387.2700 —105.9913 —236.5148 —40.0150
483 —67.4423 —72.1126 —86.8537 —191.5636 —220.0694 —385.9639 —105.1042 —235.4675 —38.7853
513 —66.0594 —69.7864 —834984 —189.7654 —217.2181 —384.6305 —104.2117 —234.4133 —37.5262
543 —64.6236 —67.3557 —79.9889 —187.8993 —214.2516 —383.2711 —103.3131 —233.3511 —36.2380
573 —63.1347 —64.8234 —76.3307 —185.9675 —211.1745 —381.8869 —102.4081 —232.2804 —34.9206
603 —61.5929 —62.1923 —725293 —183.9722 —207.9913 —380.4793 —101.4962 —231.2004 —33.5745
633 —59.9987 —59.4654 —685905 —181.9153 —204.7062 —379.0493 —100.5774 —230.1105 —32.1999
663 —58.3529 —56.6457 —64.5201 —179.7988 —201.3236 —377.5980 —99.6517 —229.0101 —30.7972
693 —56.6564 —53.7363 —60.3238 —177.6246 —197.8475 —376.1266 —98.7191 —227.8987 —29.3668
723 —54.9103  —50.7405 —56.0074 —175.3945 —194.2819 —374.6360 —97.7799 —226.7761 —27.9092
753 —53.1158 —47.6614 —51.5765 —173.1104 —190.6305 —373.1272 —96.8341 —225.6418 —26.4249
783 —51.2743  —44.5023 —47.0364 —170.7738 —186.8971 —371.6011 —95.8822 —224.4955 —24.9144
813 —49.3871 —41.2661 —42.3924 —168.3865 —183.0851 —370.0587 —94.9243 —223.3372 —23.3783
843 —47.4558  —37.9561 —37.6494 —165.9502 —179.1979 —368.5008 —93.9608 —222.1665 —21.8171
873 —454817 —34.5753 —32.8118 —163.4664 —175.2388 —366.9282 —92.9919 —220.9835 —20.2314
903 —43.4665 —31.1265 —27.8840 —160.9367 —171.2109 —365.3417 —92.0180 —219.7882 —18.6217
933 —41.4115 —-27.6126 —22.8698 —158.3627 —167.1170 —363.7420 —91.0394 —218.5805 —16.9885
963 —39.3183 —24.0364 —17.7729 —-155.7459 —162.9600 —362.1300 —90.0563 —217.3605 —15.3323
993 —37.1883  —20.4004 —125964 —153.0879 —158.7427 —360.5062 —89.0690 —216.1283 —13.6538
1023 —35.0230 —16.7070 —7.3432 —-150.3900 —154.4674 —358.8713 —88.0775 —214.8841 —11.9532
1053 —32.8237 —12.9587 —2.0161 —147.6538 —150.1367 —357.2261 —87.0821 —213.6281 —10.2312
1083 —30.5917 —9.1576 3.3828 —144.8807 —145.7528 —355.5710 —86.0829 —212.3604 —8.4882
1113 —28.3283 —5.3058 88513 —142.0722 —141.3178 —353.9068 —85.0798 —211.0812 —6.7245
1143 —26.0346 —1.4052 14.3873 —139.2296 —136.8337 —352.2339 —84.0727 —209.7910 —4.9406
1173 —23.7117 2.5423 19.9889 -136.3544 —132.3025 —350.5529 —83.0617 —208.4899 —3.1368
1203 —21.3606 6.5352 25.6544 —133.4479 —127.7259 —348.8643 —82.0464 —207.1781 —1.3137
1233 —18.9823 10.5719 31.3817 —130.5116 —123.1055 —347.1687 —81.0266 —205.8561 0.5286
1263 —16.5776 14.6508 37.1687 —127.5468 —118.4428 —345.4665 —80.0020 —204.5242 2.3894
1293 —14.1471 18.7707 430131 —1245549 —113.7394 —343.7581 —78.9721 —203.1825 4.2685
1323 —11.6915 22.9302 489121 —1215372 —-108.9964 —342.0441 —77.9363 —201.8316 6.1653
1353 —9.2114 27.1282 548625 —118.4950 —104.2151 —340.3248 —76.8940 —200.4716 8.0793
1383 —6.7071 31.3635 60.8603 —115.4298 —99.3966 —338.6007 —75.8444 —199.1030 10.0100
1413 —4.1789 35.6349 66.9010 —112.3429 —945418 —336.8721 —74.7869 —197.7261 11.9565
1443 —1.6269 39.9414 729788  —109.2355 —89.6516 —335.1395 —73.7203 —196.3411 13.9183
1473 0.9487 44.2819 79.0873  —106.1089 —84.7268  —333.4031 —72.6438 —194.9485 15.8942
Table 8
Viscosity (u, (Pas)) for important fluids in SOFCs
T (K) CHg CzHe CsHsg CH30H  CyHsOH  CO» CO Hz H,0 O, N2 NH3
243 9.3102 7.5520 6.9563 8.5015 7.8520 12.2185  15.2330 7.7968 7.2803 174632  15.2330 8.2250
273 10.3384 8.5212 7.6752 9.2765 8.4846 13.7106  16.7335 8.4080 83950 19.2312  16.7335 9.0712
303 11.3259 9.4574 83985  10.1063 9.1668 15.1740  18.1537 9.0063 95263 209150 181537  10.0754
333 12.2764  10.3630 9.1237  10.9877 9.8970 16.6073  19.5069 95925 10.6735 225257  19.5069  11.1087
363 131931  11.2402 9.8482 119154 10.6715 18.0094 20.8031 10.1674 11.8355 240723 20.8031 12.1541
393 140789  12.0909 10.5692 12.8814  11.4838 19.3799  22.0500 10.7315 13.0113 25,5622 22.0500  13.1989
423 149365 129171  11.2840 138756  12.3244 20.7187 232537  11.2855 141999 27.0015 23.2537  14.2336
453 157681 137203  11.9898  14.8853  13.1804 220260 244191 118300 153999 283955 244191 152514
483 165756 145022 12.6839  15.8962  14.0363 233022 255503 12.3654 16.6103  29.7486 25,5503  16.2474
513 17.3611 152639 13.3637 16.8931  14.8739 245478 266506  12.8922 17.8296  31.0645  26.6506  17.2183
543 181261 16.0069 14.0266  17.8609  15.6742 257637  27.7228 134110 19.0566 32.3466  27.7228  18.1617
573 18.8720 16.7322 146701 187860  16.4187 26.9507 28.7695  13.9220 20.2898 335976 28.7695  19.0763
603 19.6003  17.4410 152919 19.6576  17.0912 281096  29.7927 144257 215278 34.8200 29.7927  19.9614
633 203121 18.1341 158900 20.4685  17.6802 290.2415 30.7942 149224 227690 36.0160 30.7942  20.8168
663 21.0086  18.8127 164624 212164  18.1802 30.3472 317757 154126 240120 37.1876  31.7757  21.6427
693 216907 194773 17.0076  21.9041 185925 314277 327387 158965 252552  38.3364 32.7387  22.439%5
723 223594  20.1289 175240 225395  18.9258 324842 336845 163743 264969 39.4641  33.6845  23.2077
753 230155 20.7682  18.0104 23.1356  19.1955 335174 346141 16.8465 27.7356 405719  34.6141  23.9483
783 236597 21.3957 184661 23.7101  19.4228 345285 355288 17.3132 289696 416611 355288  24.6620
813 242928  22.0122 35,5182 364294  17.7747 301973 427329 364294  25.3498
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Table 8 (Continued)
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T (K) CHg CoHg C3Hg CH30OH CyHs50H CO» CcO Ho> H,O (o)} N2 NH3
843 24.9155 22.6182 36.4877 37.3169 18.2312 31.4170 43.7883 37.3169 26.0127
873 25.5283 23.2143 37.4378 38.1920 18.6829 32.6271 44.8283 38.1920 26.6515
903 26.1317 23.8009 38.3693 39.0556 19.1302 33.8261 45.8536 39.0556 27.2673
933 26.7263 24.3785 39.2831 39.9083 19.5730 35.0122 46.8652 39.9083 27.8611
963 27.3125 24.9476 40.1800 40.7508 20.0117 36.1840 47.8636 40.7508 28.4337
993 27.8908 25.5085 41.0608 41.5837 20.4464 37.3398 48.8497 41.5837 28.9861

1023 28.4616 26.0617 41.9263 42.4077 20.8772 38.4783 49.8241 42.4077 29.5192

1053 29.0253 26.6074 42,7771 43.2231 21.3043 39.5979 50.7872 43.2231 30.0338

1083 29.5822 27.1462 43.6141 44.0306 21.7280 40.6973 51.7398 44.0306 30.5307

1113 30.1325 27.6782 44.4378 44.8307 22.1482 41.7752 52.6823 44.8307 31.0108

1143 30.6768 28.2037 45.2489 45.6237 22.5651 42.8302 53.6151 45.6237 31.4747

1173 31.2151 28.7231 46.0480 46.4102 22.9790 43.8613 54.5388 46.4102 31.9232

1203 31.7478 29.2366 46.8358 47.1905 23.3897 44.8671 55.4538 47.1905 32.3569

1233 32.2752 29.7445 47.6128 47.9650 23.7976 45.8469 56.3604 47.9650 32.7766

1263 32.7974 30.2469 48.3795 48.7341 24.2027 46.7995 57.2501 48.7341 33.1827

1293 33.3147 30.7442 49.1364 49.4983 24.6051 47.7241 58.1502 49.4983 33.5760

1323 33.8273 31.2365 49.8842 50.2577 25.0048 48.6199 59.0340 50.2577 33.9570

1353 34.3354 31.7240 50.6232 51.0127 25.4021 49.4862 59.9110 51.0127 34.3261

1383 34.8391 32.2069 51.3539 51.7638 25.7969 50.3223 60.7813 51.7638 34.6840

1413 35.3387 32.6855 52.0767 52,5111 26.1894 51.1279 61.6454 52,5111 35.0310

1443 35.8342 33.1598 52.7922 53.2549 26.5797 51.9024 62.5034 53.2549 35.3676

1473 36.3259 33.6300 53.5006 53.9957 26.9677 52.6454 63.3557 53.9957 35.6944

Table 9

Thermal conductivity (A, (MW/(mK)]) for important fluids in SOFCs

T (K) CHg CoHg C3Hg CH3O0H CyH50H CO» CcO Ho H,O O N2 NH3
243 271140 149184 12.3481 12,3899  20.5623  154.2662 21.8598 21.8655 20.9854
273 31.0967 18.0922  15.1742 145939 229289  169.1360 241014 24.0887 22.7939
303 353956 21.6375 18.3318 16.8505  25.2318 183.3374 26.3137 26.2194  25.2717
333 39.9795 255377 21.7995 19.1279  18.4476 19.1524 274776  196.9702 222716 284970 28.2816  28.3628
363 448196 29.7643 255525 21.9945  21.5539 214916 29.6723 210.1187 242580 30.6519 30.2921  31.9994
393 49.8895 34.2823 295641 251718 24.8681 23.8603 31.8210 222.8547 264746 327788 32.2631  36.1020
423 55.1655 39.0538 33.8054 28.6440  28.3906 26.2502 33.9281  235.2397 28.8961 34.8783 34.2032  40.5804
453 60.6255 44.0410 38.2467 323785 32.1197 28.6534 359976  247.3267 315004 36.9508 36.1192 45.3336
483 66.2495 49.2081 42.8574 36.3274  36.0522 31.0619 38.0329 259.1620 342690 389968 38.0158 50.2503
513 72.0192 545228 47.6068 40.4319  40.1832 334680 40.0372  270.7859 37.1853 41.0166 39.8966 55.2094
543 77.9176  59.9565 524649 44.6313  44.5062 35.8647 42.0129  282.2337 40.2353 43.0107 41.7643  60.0800
573 83.9296 654845 57.4022 48.8751  49.0137 38.2453  43.9627  293.5368 43.4064 449796  43.6208  64.7222
603 90.0408 71.0859 62.3909 53.1368 53.6970 40.6037 45.8886  304.7230 46.6877 46.9236 45.4675  68.9870
633 96.2385  76.7433  67.4046 57.4274  58.5472 429344  47.7924  315.8169 50.0694 48.8432 47.3053 72.7168
663 1025108 824422 724187 618081 63.5553 452330 49.6759  326.8408 53,5431 50.7388  49.1349  75.7457
693 108.8468 88.1708 77.4108 66.4028 68.7128 474956 515406  337.8146 57.1011 52.6106 50.9567  77.8996
723 115.2365 939196 823605 714142  74.0127 497190 53.3877  348.7562 60.7366  54.4592 52.7708  78.9967
753 121.6709 99.6809 87.2497  77.1526  79.4497 51.9010 55.2185 359.6819 64.4435 56.2849 545773  78.8477
783 128.1416 54,0402 57.0339 370.6064 68.2163 58.0880 56.3761  77.2558
813 134.6408 56.1358 58.8350 381.5431 72.0502 59.8688 58.1669  74.0173
843 141.1617 58.1880 60.6226  392.5041 75.9406 61.6279 59.9496  68.9216
873 147.6976 60.1976  62.3973  403.5007 79.8835 63.3654 61.7237 61.7514
903 154.2428 62.1658 64.1598  414.5428 83.8754 65.0817 63.4890
933 160.7918 64.0949 65.9107 425.6398 87.9128 66.7772  65.2452
963 167.3397 65.9874 67.6505  436.8000 91.9927 684522  66.9918
993 173.8819 67.8465 69.3796  448.0312 96.1124  70.1069 68.7285

1023 180.4143 69.6758  71.0983  459.3402 100.2694  71.7417  70.4551

1053 186.9331 714795  72.8071 470.7334 104.4613 73.3569 721711

1083 193.4348 732620 745061 4822162 108.6860 74.9527  73.8763

1113 199.9163 75.0283  76.1956  493.7938 1129415 76.5296 75.5704

1143 206.3747 76.7835  77.8758  505.4706 78.0876  77.2533

1173 212.8074 78,5333  79.5468  517.2503 79.6272  78.9247

1203 219.2120 80.2836  81.2088 529.1362 81.1486  80.5845

1233 225.5864 82.0406 82.8617 541.1311 82.6521  82.2327

1263 231.9285 83.8111 845058 553.2369 84.1378  83.8691

1293 238.2366 85.6019 86.1409  565.4551 85.6062  85.4939

1323 2445091 87.4205 87.7671 577.7868 87.0574  87.1070

1353 250.7445 89.2747 89.3844  590.2323 88.4916  88.7086

1383 256.9416 91.1729  90.9928  602.7913 89.9092  90.2989

1413 263.0993 93.1238 925921  615.4629 91.3104 91.8780

1443 269.2163 951371 94.1824  628.2456 92.6953  93.4462

1473 275.2920 97.2228 95.7634  641.1372 94.0643  95.0039
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Fig. 5. Isobaric heat capacity (C,) at different temperatures for important
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LIS N S B B e B B L e B e B B e e e

243 363 483 603 723 843 963 1083 1203 1323 1443

——CH4 -=-C2H6 -+ C3H8 -~ CH30H — C2H50H e CH4 = C2H6 . Cans
—-CO2 —-—CO -=H20 - NH3 —o- CH30H — C2H50H —=-CO2
—-—CO -=H20 —NH3

Fig. 8. Gibbs free energy of formation (AfG®) at different temperatures

fluids in SOFCs. . .
for important fluids in SOFCs.
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Fig. 6. Entropy of formation (A¢ S°) at different temperatures for important
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Fig. 9. Enthalpy (H°) at different temperatures for important fluids in
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Fig. 7. Enthalpy of formation (Af H°) at different temperatures for im-

portant fluids in SOFCs.

Fig. 10. Viscosity (u) at different temperatures for important fluids in
SOFCs.
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5. Thermophysical properties
260 - . _ . .
Finally the isobaric heat capacity (C,), the entropy of
210 formation (S°),the enthalpy of formation (A¢ H®), the Gibbs
g free energy of formation (AfG°), the enthapy (H°), the
£ o0 viscosity (1) and the thermal conductivity () are calculated
5 for the fluids reported in Table 1, at different temperatures
& 110 and 0.1 MPa. The tables are accompanied of their respective
figures (Tables 3-9 and Figs. 5-11).
601 e e
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