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A set of five equations describing vapour-liquid equilibrium properties of the ammonia-water system is presented. 
They are intended for use in the design of absorption processes. Using variable dependences of technical relevance 
the equations make it possible to avoid iterative evaluations. The equations were constructed by fitting critically 
assessed experimental data using simple functional forms. They cover the region within which absorption cycles 
commonly used operate most often. The enthalpy of the gas phase has been calculated in the ideal mixture 
approximation. The results are presented in the form of an enthalpy-concentration diagram. 
(Keywords: refrigerants; ammonia-water mixture; equilibrium properties; absorption) 

Fonctions simples pour calcul rapide de certaines 
propri6t6s thermodynamiques d'une installation 

ammonlac-eau 
On prbsente un 9roupe de cinq bquations dbcrivant les propribtbs d'bquilibre vapeur-liquide de I'installation 
ammoniac-eau. Ces bquations sont destinbes h la conception des processus d'absorption. Grglce gt l'utilisation de 
dbpendences variables libs ?l la technique, ces bquations permettent d'bviter les calculs itbratifs. L'utilisation des 
formes fonctionnelles simples a permis dWaborer ces Fquations sur la base de donnbes exp~rimentales qui avait btb 
passbes au crible. Elles couvrent la zone clans laquelle les cycles courants h absorption fonctionnent le plus souvent. 
On a calculb l'enthalpie de la phase 9azeuse en supposant un mblanye idbal. Les rbsultats sont prksentbs sous forme 
d'un diagramme enthalpie-concentration. 

Nomenclature 

a i 
h 
M 
N 

P 
T 
X 

Y 

S 

W 

Coefficients 
Specific enthalpy (kJ kg- 1) 
Molar weight (kg mol- 1) 
Number of data points 
Pressure (MPa) 
Temperature (K) 
Ammonia mole fraction in the liquid phase 
Ammonia mole fraction in the gas phase 
Mean deviation 
Systematic deviation 
Ammonia mass fraction in the gas phase 

Greek letters 

a Root mean square deviation 

Subscripts 

A Ammonia 
g Gas phase 
i Term of fitting polynomial 
k Experimental data point 
1 Liquid phase 
W Water 
0 Reference value 

One of the global ecological problems - stratospheric 
ozone layer depletion - confronts science and technology 
with the need to search for environmentally acceptable 
substitutes for chlorofluorocarbons, which are respon- 
sible for the depletion. Besides a number of newly 
synthesized compounds, the binary system ammonia- 
water is under consideration again. The increasing 
attention paid to the ammonia-water mixture in the past 
few years arises from the possibility of substituting 

absorption systems for compression systems utilizing 
chlorofluorocarbons. In particular, absorption refrigera- 
tors and compression-absorption heat pumps are being 
considered for high-temperature applications. The 
natural character of this medium and its excellent 
thermodynamic properties equal out negative aspects, 
apparently overestimated in the past. 

The design of processes and systems requires an easily 
programmable and time-efficient description of the 
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thermophysical properties of the working fluids em- 
ployed. Thermodynamically consistent formulations of 
thermodynamic properties most often use temperature 
and density or temperature and pressure as input 
parameters ~. The properties used for cycle, process and 
system calculations are required as functions of different 
combinations of independent variables. Moreover, the 
procedures calculating them are called many times per 
design point. Time-consuming iterations thus have to be 
executed. Iterative evaluations in the course of 
calculations can be avoided by using simplified 
thermodynamically inconsistent approximation equa- 
tions in required variables valid with adequate accuracy 
within a range sufficient for the solution of a particular 
problem. Functions using variable dependences of 
technical relevance are especially useful in the case of 
fluids widely used in modern technological applications, 
such as steam 2'3. They can be constructed by fitting either 
experimental data or values calculated from a thermo- 
dynamically consistent formulation of the medium 
properties. 

In the present work, a set of equations describing the 
vapour-liquid equilibrium properties of the ammonia- 
water system necessary for absorption cycle design have 
been developed as an example of fast approximation 
functions. The set comprises the dependences needed for 
the construction of an enthalpy-concentration diagram: 
T(p, x), T(p, y), y(p, x), hi(T, x), and hg(T, y). It contains 
the relationships needed most often. When the need for 
any further equation arises in a particular problem 
solution, the set can be easily completed. 

Data selection 

The following sources of vapour liquid equilibrium data 
have been taken into consideration in the present work: 
Smolen et al. 4, Sassen et al. s, Miiller et al. 6, Rizvi and 
Heidemann 7, Guillevic et al. s, Polak and Lu 9, Scatchard 
et al. TM, Clifford and Hunter ~ 1, Wucherer12, Mittasch et 
al. ~3, Wilson ~4, Postma ~5, Mollier 16, and Perman17, ~8. 
All composition data have been converted to molar 
fractions, temperatures to K (ITS-90) and pressures to 
MPa. 

A correlation of each experimental data set in itself 
was carried out at first to assess its precision and to 
identify contingent misprints. The T - p - x  data of 
Mittasch et al. ~ 3 and Wilson ~4 proved to be considerably 
shifted in relation to results of other authors and therefore 
have been discarded. Similarly, the T-p  y data of Rizvi 
and Heidemann 7 have not been accepted, as their average 
systematic deviation from the correlation of data of other 
authors exceeds 4 K and their maximum absolute 
deviation amounts to 17 K. 

The distribution of the experimental data points chosen 
for fitting over the plane of independent variables is 
shown for the relationship T(p, x) in Figures 1 and 2 and 
for T(p, y) in Figure 3. The region of thermodynamic 
states covered by the proposed set of equations is 
constrained by the available data. The upper pressure 
limit is given by the data for the enthalpy of the liquid 
phase. Those of Zinner 19 ranging from - 8 0  to 180°C, 
i.e. from 0.002 MPa up to 2 MPa, have been used. We 
choose as the standard state of zero enthalpy for water, 
as well as for ammonia, the liquid water at the triple point. 

The data of Scatchard et al. ~° used for correlation by 
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Figure 1 Distribution of the experimental data points for the function 
7~p, x) over the plane of the independent variables p and x: Part I 

Figure 1 Rkpartition des points de mesure expbrimentaux pour la 
fimction (Tp, x) en fimction des variables ind~'pendantes pe t  x; premiere 
partie 
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Figure 2 Distribution of the experimental data points for the function 
T(p, x): Part II 

Figure 2 Rkpartition des points de mesure exp~;rimentaux pour la 
time/ion (Tp, x): deuxi~me parth" 

Ziegler and Trepp 1 represent the data of Zinner 19 for 
enthalpy of the liquid phase and equilibrium T-p  x - y  
data of Wucherer ix and Perman 18, smoothed using the 
Gibbs-Duhem relation to obtain consistent values. To 
avoid duplication, Scatchard's data have not been used 
in the present work. 

Enthaipy of gaseous phase 

Assuming the gas phase to be an ideal mixture of real 
components, the specific enthalpy hg(T,y) can be 
calculated from the enthalpy hA(T, p) and hw(T, p) of pure 
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Figure 3 Di s t r ibu t ion  of the exper imen ta l  da ta  points  for the function 
T~p, y) over  the p lane  of the independen t  var iables  p and  y 

F igure  3 Ri, parti t ion des points  de mesure e_xp&imentaux pour la 
]bnction (Tp, y) en fonct ion des variables indkpendantes p e t  y 

ammonia and water: 

hg(T, y) = (1 - w)hw(T, p) + W.hA(T, p) (1) 

where 

yMA 
w = (2 )  

yM A + (1 - y)Mw 

The value p=p(T ,y )  corresponding to the phase 
equilibrium state has to be substituted in Equation (1) 
for pressure. 

To compute the enthalpy of the system in the ideal 
mixture approach, the enthalpies of the pure components 
at the temperature and pressure of the mixture are 
required. While the temperatures and pressures in the 
region of interest relate to the states of the regular 
single-phase region of ammonia, they correspond to the 
hypothetical states of supersaturated vapour as regards 
water. Therefore, values of enthalpy extrapolated by 
means of a suitable equation of state from the 
single-phase region have to be employed as the best 
available approximation. The enthalpy of pure steam has 
been obtained from the formulation of Saul and 
Wagner 2° and that of pure ammonia from Haar and 
Gallagher 21. 

Fitting procedure 

The demands on the approximating functions were: a 
simple analytical form, fast evaluation, and a reasonable 
accuracy for industrial calculations. In general, an 
approximating function of a thermodynamic quantity z 
depending on variables u and v was sought in the form 
of a polynomial: 

( = ~ ai~"'v m' (3) 
i 

where 

are variables transformed by means of suitable functions 
U, V and Z. In this way the transformed relation is fitted 
by a polynomial in suitably chosen transformed variables. 
Then it is transformed back to the original variables. 

A rational choice of the fitting polynomial terms was 
carried out by the step-wise regression method 2°. The 
reliability of any equation for the dependent variable z 
was verified by calculating the absolute deviation 
AZ : Z c a l c  - -  Zex p or the relative deviation ~z = Az/zex p for 
each data point, and the root mean square deviation (:, 
mean 5 and systematic deviation s for particular data 
sets. Average absolute deviations 

are relevant for temperature and enthalpy, for which only 
differences have a direct physical meaning. In the vicinity 
of the state where the enthalpy takes its zero value, the 
relative deviations provide no reasonable information. 
Concentration has an immediate physical meaning in 
itself and takes values over several orders. Therefore, 
average relative deviations are relevant for the y(p, x) 
relation. 

Resulting functional forms 

The resulting functions best reproducing the selected 
experimental data show the following structure: 

zip, x) = To Y. ai(l - x)"' In (6) 
i 

Zip, y) = To ~ ai(1 - y),,,/4 In (7) 
i 

y ( p , x ) = l - e x p [ l n ( 1 - x ) ~ , i  a f  P---')m~x"'/3] (8) 
" \ P o /  A 

hi(T, x) = I1 o ~i a i - - - -  1 X n~ (9) 

h g ( T , y ) : h o ~ i  a i ( 1 - ~ o ) m ' ( ] - y )  nil4 ( 1 0 )  

The respective coefficients ai of Equations (6)-(10) are 
given in Tables 1-5. The sources of the experimental data 

Table I Exponen t s  and  coefficients of Equa t ion  (6) 

Tableu  l Exposants  el co(~'cients de l'Oquation (6)  

i DI i n i (d i 

1 0 0 
2 0 1 
3 0 2 
4 0 3 
5 0 4 
6 1 0 
7 I 1 
8 1 2 
9 2 3 

10 4 0 
II  5 0 
12 5 1 
13 6 0 
14 13 1 

+0 .322302  × 101 
0.384206 × 10 ° 

+0 .460965  × 10 
- 0 . 3 7 8 9 4 5  x 10 -2 
+ 0 . 1 3 5 6 1 0 x  10 3 
+0 .487755  x 10 ° 
--0.120 108 x 10 ° 
+0 .106 154 x 10 
- 0 . 5 3 3 5 8 9  × 10 -3 
+0 .785041 x 10 j 
- 0 . 1 1 5 9 4 1  x 10 z 
--0.523 150 x 1 0  1 
+ 0 . 4 8 9 5 9 6  x 10 ~ 
+0 .421059  x 10 -1 

( = Z(z, u, v); ~ = U(u, v); v = V(u, v) (4) To = 100 K, po = 2 MPa 
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Table 2 Exponen t s  and  coe f f i c i en t s  of  E q u a t i o n  (7) 

Tab leau  2 Exposants et coefficients de I'equation (7) 

Table  5 Exponen t s  and  coefficients of Equa t ion  (101 

Tableau  5 Exposants et coe~cients de I'equation (10; 

i m i  I l l  a i  i Irl i n i ¢.l i 

1 0 0 + 0 . 3 2 4 0 0 4  x 10 ~ I 0 0 +0 .128827  x 10 ~ 
2 0 1 - 0 . 3 9 5 9 2 0  x 10 ° 2 1 0 +0 .125247  x 10 ° 
3 0 2 + 0 . 4 3 5 6 2 4  x 10 ~ 3 2 0 - 0 . 2 0 8 7 4 8  x 10 ~ 
4 0 3 - 0 . 2 1 8 9 4 3 x  10 2 4 3 0 + 0 . 2 1 7 6 9 6 x  10 I 
5 1 0 - 0 . 1 4 3 5 2 6  × I(P 5 0 2 +0 .235687  x 10 ~ 
6 t 1 + 0 . 1 0 5 2 5 6  x 101 6 1 2 - 0 . 8 8 6 9 8 7  x 10 ~ 
7 I 2 - 0 . 7 1 9 2 8 1  x 10 1 7 2 2 + 1 / . 1 0 2 6 3 5 x  102 
8 2 0 + 0 . 1 2 2 3 6 2  x 1(12 8 3 2 1t.237440 x I(P 
9 2 I - 0.224 368 x 101 9 11 3 0.670 515 x 101 

10 3 0 --0.201 780 x 1112 10 1 3 +0 .164508  x l() z 
11 3 1 + 0 . 1 1 0 8 3 4  x 10 a 11 2 3 0.936849 x 10 ~ 
12 4 0 + 0 . 1 4 5 3 9 9  x 102 12 0 4 +1/.842254 x 111 ~ 
13 4 2 +0 .644312  x 10 o 13 1 4 0.858807 x 10 ~ 
14 5 0 --0.221 246 x 101 14 0 5 -11.277049 × l0  t 
15 5 2 - 0 . 7 5 6 2 6 6  x 100 15 4 6 -1/.961 248 x 10 ° 
16 6 0 - 0 . 1 3 5 5 2 9  x 101 16 2 7 +0 .988009  x 111 ~ 
17 7 2 +0 .183541 x 100 17 1 10 +11.308482 x 1() ~ 

Ta = 100 K, Po = 2 M P a  

of E q u a t i o n  (8) 

~h, I'equation (8) 

Table 3 Exponen t s  and  coefficients 

Tab leau  3 Exposanl,~ et co£[ficients 

i DI i II i  a i 

1 0 0 
2 0 1 
3 0 6 
4 0 7 
5 I 0 
6 2 1 
7 2 2 
8 3 2 
9 4 3 

t0 5 4 
II  6 5 
12 7 6 
13 7 7 
14 8 7 

+ 1 . 9 8 0 2 2 0 1 7  x 101 
- 1 . 1 8 0 9 2 6 6 9  x 101 
+ 2 . 7 7 4 7 9 9 8 0  x 10 ~ 
- 2 . 8 8 6 3 4 2 7 7  x 101 
- 5 . 9 1 6 1 6 6 0 8  x 10 l 
+ 5 . 7 8 0 9 1 3 0 5  x 102 
- 6 . 2 1 7 3 6 7 4 3  x 10 ° 
- 3 . 4 2 1  98402 x 103 
+ 1 . 1 9 4 0 3 1 2 7  x 104 
- 2 . 4 5 4  13777 x 104 
+ 2 . 9 1 5 9 1 8 6 5 x  10 a 
- 1 . 8 4 7 8 2 2 9 0  x 10'* 
+2 .348 19434 x I0 ~ 
+4.803 106 17 x 103 

p(~ = 2 M Pa 

Table  4 Exponents  and coefficients of Equa t ion  (9) 

Tab leau  4 E.vposants et coqfficients de I'equation (9) 

i m i l l  I a i 

1 0 l --0,761 080 x 101 
2 0 4 +0 .256905  x 10 z 
3 0 8 - -0 .247092 x 103 
4 0 9 + 0 . 3 2 5 9 5 2  × 103 
5 0 12 - 0 . 1 5 8 8 5 4  x 103 
6 0 14 + 0 . 6 1 9 0 8 4  x 102 
7 1 0 + 0 . 1 1 4 3 1 4  x 102 
8 1 1 +0.118 157 x 10 ~ 
9 2 1 +0 .284 179 x 10 ~ 

10 3 3 +0.741 609 x 10 ~ 
t l  5 3 +0.891 844 x 10 a 
12 5 4 - 0 . 1 6 1  309 x 10`* 
13 5 5 +0 .622 106 x 103 
14 6 2 - 0 . 2 0 7  588 x 103 
15 6 4 - 0 . 6 8 7 3 9 3  x 101 
16 8 0 + 0 . 3 5 0 7 1 6  x 10 ~ 

h o = 100 kJ kg -~ .  To = 273.16 K 

h o = 1000 kJ k g -  1, To = 324 K 

Table  6 Average devia t ions  and bands  of devia t ions  of exper imenta l  
da ta  from Equa t ion  (6) 

Tab leau  6 Ecarts moyens et /burch(,tles des {carts des donndes e.rp(;ri- 
mentah, s ¢# l'{quation 16) 

a s -- Aymi,,-- Ay, ..... 
Ref. N (K) (K) (K) (K) 

4 191 0.31 0.02 0.25 1.1 t).7 
5 4 1.90 1.811 1.80 0.9 2.4 
6 29 0.84 - 0 . 4 0  0.65 2.2 1.6 
7 105 1.70 0.80 1.40 -4 .6  5.2 
8 3 2.60 2.00 2.01/ 1.1 4.4 
9 23 0.32 0.04 0.28 - 1 . 0  0.4 

11 241 0.70 0.20 0.48 -3 .1  3.11 
12 490 0.48 0.01 0.40 - 1.4 1.5 
15 160 0.41 0.211 0.33 -11.9 0.9 
16 34 0.45 - 0 . 2 0  0.33 - 1.0 0.1 
18 75 0.73 0.07 0.50 -2 .6  2.4 

Tota l  1365 0.72 0.00 11.45 - 4 . 6  5.2 

Table  7 Average dev ia t ions  and bands  of devia t ions  of exper imenta l  
da ta  from Equa t ion  (7) 

Tab leau  7 Ecarts moyens et jourchette~' de~ (;carl.~' des ~hmn(;es e.vp~;ri- 
mentah's de I'~;quation ( 7 ) 

a s 5 kym,  , - Ay, .... 
Ref. 5; (K) (K) (K) (K) 

4 91 0.87 -0.43 1/.73 -2 .1  0.9 
5 122 2.6l 0.50 2.20 4 . 5  5.9 
6 29 1.70 0.34 1.30 3.O 3.8 
9 23 0.42 0.17 1/.32 - 1.3 11.6 

l 1 191 1.50 - 0 . 0 6  1.00 7.0 3.5 
12 378 0.84 -0 .01  11.67 2.0 2.7 

Tota l  834 1.34 0.00 1/.94 - 7.0 5.9 

Table  8 Average dev ia t ions  and bands  of dev ia t ions  of exper imenta l  
da t a  from Equa t ion  (8) 

Tableau  8 Ecarts moyens el /(~urchetle~ d('.~ ~;cctrts dex do/m['e.~ e.\p(;ri- 
mentales de I'~;quaHon (8) 

cr .~ 5 A):mi,, - AV, ,x 
Ref. N (%) (%) (%) 1%1 

4 156 0.72 0.38 1/.38 2.6 0.3 

used for the correlation, together with the average 6 24 1.80 1.00 1.30 - 1 . 1  5.2 

deviations of the particular data sets from the correlation 11 122 1.80 0.46 1.3(I 6.7 5.4 
12 177 0.48 - 0 . 0 6  0.31 --2.1 1.5 

equation, and with bands of absolute or relative 
deviat ions are summarized in Tables 6-8.  These T o t a l  479  1.10 I).03 1/.63 - 6 . 7  5.4 



2 3 2  J. P~tek and J. Klomfar 

deviations enable one to estimate the accuracy of the 
correlation. The precision of a particular set of data is 
evident from its band of deviations. Systematic deviations 
provide an idea of how the particular set is shifted as a 
whole with respect to the common average values given 
by the resultant function. 

Equation (6) reproduces the T(p, x) relation over the 
full concentration range from about 0.002 MPa to 2 MPa 
in pressures (see Table 6 and Figures 1 and 2). An idea 
of the accuracy of this function is given by the fact that 
the absolute deviations of 95% of the fitted points are 
less than 1.5 K. Similarly, the range of use of Equation 
(7) for T(p, y) is from 0.02 MPa to 2 MPa (Table 7 and 
Figure 3); 95% of the fitted points are included in the 
+2  K absolute deviations band. The wider band of 
deviations of T(p, y) is an evidence of greater difficulty 
encountered in measuring vapour composition. For 
comparison with independent formulation of the 
properties of the ammonia-water  system, differences of 
data calculated from Equations (6) and (7) from those 
given by the formulation of Ziegler and Trepp I are 
presented in Figures 4 and 5. 

To obtain a simple functional form for the y(p, x) 
relation, its region of validity has to be curtailed to 
ammonia molar fractions in the liquid phase greater than 
0.05 and pressures above 0.05 MPa. However, this 
limitation is not very onerous, since on the low- 
temperature side of refrigeration systems a pressure above 

, 5  i i ~ i 

0.2 

-1.5 
0 0.2 0.4 0.6 0.8 

x 

Figure 4 Comparison of T(p, x) data collected from Equation (6) with 
the formulation of Ziegler and Trepp 1 

Figure 4 Comparaison des donn~es T(p, x) calculbes h partir de 
l'equation (6) avec la Jbrmulation de Ziegler et Trepp I 
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Figure 5 Comparison of T(p,y) data calculated from Equation (7) 
with the formulation of Ziegler and Trepp ~ 

Figure 4 Comparaison des donnbes T(p, y) calculbes ~ partir de 
l'equation (7) avec la formulation de Ziegler et Trepp ~ 
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Figure 6 Comparison of gas-phase enthalpy calculated from Equation 
(10) along selected isopleths x = const, with data published by Scatchard 
et al. ~° 

Figure 6 Comparaison de l'enthalpie de la phase gazeuse calculbe d 
partir de I'bquation (10), le long de certaines lignes isoplethes choisies 
(x - const. ), avec des donnbes publides par Scatchard et aL 
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Figure 7 Comparison of hs(T, y) data calculated from Equation (10) 
with the formulation of Ziegler and Trepp I on four selected isopleths 
y = const. 

Figure 7 Comparaison des donnbes hy(T, y ), calculbes ~ partir de 
l'~quation (10) avec laJbrmulation de Ziegler et Trepp sur quatre liynes 
isoplethes choisies ( y = const. ) 

atmospheric is preferred to avoid leakage of air into them, 
and to increase the capacity of the cycle. The numerical 
consistency of the equations for T(p, x), T(p, y) and y(p, x) 
has been checked and found to be better than 1%0 in y 
for x above 0.2 and not worse than 5% for concentrations 
less than 0.2. 

Equation (9) reproduces the data of Zinner 19 for the 
specific enthalpy of the liquid phase with root mean 
square deviation 0.9 kJ kg-1; deviations of the fitted 
values from the equation are enclosed within the band 
from -2.1 kJ kg -1 to 2.5 kJ kg -1 

Values of enthalpy of the gas phase have been 
computed from Equation (1) on a grid of suitably selected 
points and fitted using the functional form (Equation 
(10)). The resultant values have been compared with those 
published by Scatchard et al. 1° (Figure 6) and those 
calculated from the formulation of Ziegler and Trepp 1 
(Figure 7). In both cases the differences are less than 1% 
over the entire region from 0.02 to 2 MPa. 

The part of the resultant enthalpy-concentration 
diagram concerning the gas phase is shown in Figure 8 
and that of the liquid phase in Figure 9, bounded from 
below by the melting line as measured by Postma ~5. The 
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bubble lines hg(p, x) in Figure 8 are constructed as a 
composite function hs(T( p, x), y(p, x)). Therefore, the 
validity of the hg(p, x) relation is limited through the 
y(p,x) relation to x>0 .05 .  Slight irregularities in 

derivatives shown by the liquid isotherms and isobars 
for x > 0.8 should be ascribed to the fitted data as they 
are reproduced with deviation not exceeding 1.6 kJ kg-  1 

in this region. 
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The enthalpy of saturated ammonia liquid shows a 
maximum near 2MPa. This is why all isobars 
corresponding to higher pressures intersect those of lower 
pressures, as seen on the isobar for 2 MPa in Figure 8. 

Conclusions 

The suitable general functional forms presented in this 
work, once found, are applicable to any new experimental 
data; fitting of the respective coefficients only is required. 
The accuracy of the equations follows from the deviations 
of the experimental data points used for fitting given in 
Tables 6-8. The root mean square deviation 0.7 K for 
T(p, x) corresponds to a mean probable error of +0.5 K. 
Similarly, estimation of the mean probable error for the 
T(p, y) relation gives the value _+0.8 K. The overall 
accuracy of the specific enthalpy of the liquid phase given 
by uncertainty in Zinner's data and by the approximation 
amounts to 4 kJ kg -1. Thus when hi(T, x) and hg(T, y) 
are combined with the relationships T(p, y) and T(p, x) 
or y(p, x) they give differences in enthalpy between the 
liquid and gas phases with accuracy better than 1%, i.e. 
about 10 kJ kg- 1. 

As well as avoiding iterative calculations, the merit of 
the fast approximation functions consists in their 
simplicity, which facilitates their incorporation in any 
computer code. Nevertheless, some care is needed when 
using them, to ensure the convergence of iterative 
engineering calculations (e.g. in optimization procedures), 
as the accuracy required depends on the nature of the 
calculations. 

The equations presented can also be used to calculate 
initial values for a consistent formulation. When 
employed in this alternative way, they provide a 
substantial reduction in the number of iterations. 
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