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Computer Subroutines 
for the Calculation of the Properties of Steam and Water 

Introduction 

In any calculations related to thermal systems, such as the ANU solar thermal power 
system, accurate knowledge of the thermodynamic and transport properties of the 
working fluid is essential. This report documents a set of externally callable subroutines 
for the thermodynamic and transport properties of steam and water. The source code 
is written in VAX Pascal, enabling integration with applications written in VAX Pascal 
and Fortran. A Turbo Pascal version is provided. Also included within this report are 
some routines for certain thermodynamic processes. Sample programs are provided to 
illustrate the operation of the module (Appendix 1) 

The subroutines for the properties of steam and water are based on a simple linear 
interpolation between given data points read from the data file THERMO.DAT. In 
the case of points near the saturation line, the interpolation is carried out taking 
into account the location of the saturation lines and the relevant property values. 
The accuracy of the property values returned is 1 % or (generally) better, and the 
properties are fully continuous functions of pressure and temperature in the subcooled 
and superheated regions. In the saturated steam region (including the saturation lines) 
the properties are continuous functions of vapour quality and pressure/temperature. 

Throughout the program the unit convention is generally SI, with the exception that 
pressure is in bar, specific energy in kJ /kg and specific entropy in kJ /kgK. The detailed 
internal operations of the program are documented within the code (Appendix 2). 

ThermodynaJ!UC and Transport Properties of Steam 

Each of the thermodynamic property subroutines is a global function contained within 
the module PROP.PAS. The functions available are detailed in Table 1. 



Therrnodx_namic Processes 

The subroutines for thermodynamic process calculations are also contained in the module PROP.PAS. The subroutines are as follows: 

1. isobaricJieating(p,q,T ,x). This procedure models the effect of adding heat q kJkg-1 
(where q can be greater or less than zero) to fluid at pressure p bar, temperature T°C, and vapour quality x. The resultant state is returned as new values of T and x. 

2. TJrom_S_and_p(s,p,T,x). This procedure calculates the temperature T and vapour 
quality x corresponding to the entropy s and pressure p. 

3. T JromJi..a.nd_p(h,p,T ,x). This procedure calculates the temperature T and vapour 
quality x corresponding to the enthalpy h and pressure p. 

4. T Jrom_u_and_p( u,p,T ,.,x). This procedure calculates the temperature T and vapour 
quality x corresponding to the internal energy u and pressure p. 

5. find..sat_stateJrom_entropy(s,p,T). This procedure finds the intersection of the isen
trope s with the x = 1 saturation line and finds the pressure p and temperature T at 
this point. 

Initialisation of the Module 

The VAX Pascal version of PROP.PAS should be initialised by calling the procedure 
readjn_data(var filename:text) with filename = THERMO at the beginning of the 
application program. Failure to do so causes the module to return an error message to 
the screen and, ultimately, it will fail. An example of a typical VAX Pascal program 
using the thermodynamic functions is given in Appendix 1. 

The Turbo Pascal version of PROP.PAS is self initialising and does not require any external call to the procedure readjn_data. It is worth noting that the program re
quires hardware numeric evaluation and, under certain circumstances, also requires 
that the stack size be expanded to 24000. Both of these settings are found in the 
Option/Compiler menu. An example of a typical Turbo Pascal program using the 
thermodynamic functions is given in Appendix 1. 

Summar1_ 

The module PROP.PAS (detailed in Appendix 2) contains a wide range of thermody
namic property and process subrouti~es that should be of considerable aid to other 
workers in the field of energy systems involving steam,. 



Property Function Call P_1·essure Range Temperature Range 
(bar) (OC) 

enthalpy enthalpy(p, T, x) 0.1-1 25-420 (kJkg-1) 1- 100 15-1000 

entropy entropy(p, T, x) 0.1-1 25-420 (kJkg-1 K-1 ) 1-100 15-1000 

exergy exergy(p, T, n) 0.1-1 25-420 (kJkg-1 ) 1- 100 15-1000 

internal energy internaLenergy(p, T, x) 0.1-1 25-420 
(kJkg-1 ) 1- 100 25-1000 

density density(p, T, x) 0.1-1 25-420 (kgm-3 ) 1-100 15-1000 

viscosity viscosity(p, T, x) 1-100 25-800 (kgm-1 s-1 ) 

thermal conductivity conductivity(p, T, x) 1-100 25-800 (WK- 1 m-1 ) 

Prandtl number Prandtl(p, T, x) 1- 100 25- 800 

saturation temperature saturation_temperat ure(p) 0.1-100 45.82 - 311.0 (OC) 

saturation pressure saturation_pressure(T) 0.1- 100 45.82-311.0 
(bar) 

latent heat la.tent_heat(p) 0.1- 100 n/a (kJkg-1 ) 

surface tension surface_tension(T) n/a all water states 
Table 1: Thermodynamic and transport properties of steam available in the module 
PROP.PAS. All returned function values and argument values are real numbers. The 
argument variables are pressure (p) in bar, temperature (T) in degrees C, and vapour 
quality (x). 



Appendix 1 • • Program EXAMPLE.PAS 
VAX Pascal 

(This is an example of a typical VAX. Pascal program setup us i ng some of the routines described in the documentation. I 

program example(input,output,outfile,thermo); 

(Note that the data file THERMO must be decl ared in the first line so that the program recognises it.} 

var p, T, x, h, dens, Ts : real; 
thermo, outfile : text; 
ch : char; 

(The file THERMO rrust al so be declared as a text file variabl e.) 

{The external procedures are declared first, as follows. It is very important to get an exact correspondence in the var iable declarati ons between the module and the main program, as this i s NOT checked by t he link process and can cause subtle and baffling errors.} 

[external ]procedure read in data(var w: text);extern; 
(external]function enthaipy1p, T, x: real) :real;extern; (external]function density(p, T, x: real) : real;extern; 
(external}function saturation_temperature(p : real) :real;extern; 
(If there are any internal procedures t hey are declared next .} 

procedure greet ings; 
begin 

writeln('Welcome to the instant thern-odynami c quantity program!') ; end; 

procedure partings; 
begin 
writeln('Goodbye, hope you will call again!' ) ; 

end; 

(The main program is now started} 

begin 
greetings; 
rewrite(outfile) ; 
read i n data(thermo) ; 
(It Is very important to initialise the module as othe rwise the program will fail as soon as it is call ed. } 
repeat 

write(' Pressure (bar} '); 
readln (pl ; 
wri te('Teflt)erat ure (C) '); 
read ln(T) ; 
T s:•saturation temperature(p); 
iI f•T s then -
begin-
writeln ('Pressure and Temperture indicate saturation') ; write(' Vapour Quality : '); 
readln(x); 

end 
else 

begin 
if T<T s then x:•O else x: • l; 
writeln('Vapour Quality has been set at ',x:2:l) ; 

end; 
h:• enthalpy(p, T, x); 
dens:-density(p, T, x); 
writeln('Enthalpy is' ,h: 6:2,' kJ/kg'} ; 
writeln(' Density is' ,dens:6:2, ' kg/m3'); 
writeln (out file, p: 6:2,' ', T: 6:2,' ', x: 6: 4,' ' , h: B:2,' •,dens: 8: 2); 
write('Again? (y/ n)'} ; 
readln (ch) ; 

until ch in ['n' ,'N' ]; 
partings; 

end. 



Appendix 1 • • Program EXAMPLE2.PAS 
Turbo Pascal 

(This is the Turbo Pascal version of the same program.} 
program example; 
uses property_program; 
(This indicates the use of the external procedures from PROPERTY.PAS) 
var p, T, x, h, dens, Ts real; 

thermo, outfile: text; 
ch : char; 

procedure greetings; 
begin 

writeln('Welcome to the instant thermodynamic quantity program!'}; end; 

procedure partings; 
begin 
writeln('Goodbye, hope you wil l call again!'); end; 

(The main program is now started} 

begin 
greetings; 
assign(outfile,'outfile.dat'); 
rewrite{outfile); 
repeat 

write(' Pressure (bar) '); 
readln(p) ; 
write(' Terrperature (Cl 'l; 
readln(T); 
T s:•saturation temperature(p); 11 T•T s then -
begin-
writeln('Pressure and Temperture indicate saturation'}; write(' Vapour Quality : ') ; 
readln{x); 

end 
else 
begin 
if T<T s then x:•O else x: - 1; 
writeln('Vapour Quality has been set at• ,x:2:1); end; 

h:•enthalpy(p, T, x); 
dens:-density(p, f, x); 
writeln{'Enthalpy is ',h:6:2,' kJ/kg'); wri teln{' Density is ',dens: 6:2,' kg/m3'); writeln(outfile,p:6: 2, ' ',T:6:2,' • ,x:6:4,' ',h : 8:2,' ',dens:8:2); write{' Again? (y/n)'); 
readln (ch); 

until ch in [ 'n' ,'N'J; 
partings; 
flush(outfile) ; 

end. 
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unit prope.rty _program.; 

(This inodule contains global procedures d<tsigncd to calculate, by 
interpolation, th" values of the thermodyMmic functions enthalpy, entropy, conductivity. Prandl Number, viscos ity and density . Units of values retucned are ul'llM)di fled S. I. units, except for: energies, whiach are in k.J eg, kJ/kq, kW/Kia etc. The ordinate functions t emperature and pressure are: read in Celcius and bar. 

Module Orqani sat ion 

To .ls large an extent a s possible. the module has been organised i nto a ser lcs of level s . with level %.ero being the highest. level one containing procedures a nd functions u.sed only l,y level teco, level two containing those used by either l evel one or level %.ero, and so on. Vadables with a cannon ! unction or meaning thro119hout thes• different levels have been suffixed with t he level nUMber appcopr'iate to the r outine. which allows easier i dentlflcatlon. 

Algorithm 

This progr•m use• linear interpolation between data points read in Crom the fil e THERMO. OAT. Tl,,. bulk of the data is in the form of an accay of values corresponding to evaluation of th• property at. a grid of teA1perat.ure and pressure V•lues. These 9.rid values can be different for each property, thus 
allowing the optimal choice of point s to be Nde for eac:h property. The data includes valuu for both liquid and vapour phases 
u well u the saturation values for both zero and 1001 vapour qudity. The va.lues for points sufficiently f•r away from satuca.tlon are found by simply interpolating fro'" the grld points that form a box around the point. Values c::lose to s•turatlon are found by inte rpol a tirig between the .saturdtion 1 ine and the gridlines. 

Oat• Otgant sat ion 

Th• properti•s to be ttYaluate d are- stored a s rec:ords of type ~propert y', consisting of records of the grid t....,..ratures and pressures at which th" property is evaluated, and • two di~n.sional array of values ~table valuer th&t holds the e valuations o( the property at these grid points. -

Tuipera.tu.re and pressure a.re stored •s subcecotds of type 'ordinate', consisting of an arr~y 'evalpts' of reail values that holds the actual evaluation points of the ordinate, and an integer, 'N evalpts', l e:ss than the constant MA><_N, giving the number of evaluation points for that axis. 

Data Entry Format 

fhe data should be entered into file TH=.DAT in the 
following fashion. Exphnitory cC>mMnts in square brackets ( J shown here should NOT be included in the actual data file. Care should be taken to Nke sure that. th• units o! the d•t• are appc-opriate for tht output proc:edures. The progroAJJI is currently set to re•d values ,s follovs:tenpera.tures:Celclus,. pressures:bar, enthalpy:kJ/k9, entropy:kJ/kgK, density:kg/1113, 
conductivity:le-3W/Ka, viscosity l•- 6•kg/sro. 

(begimlng of file) 
5 [•saturation.Nevalpts) 

2 11 f•saturation.pressure(l I , s«tuat.lon. ten,perature fl II 
3 12 I • 121, • 1311 
4 13 letcJ 
5 14 
6 15 

(Each pr0p1tC'ty ls nc,., entered in the following fashion! 
3 [•property. pressure.N_evalptsl 

2 4 6 (•property.pces sur e.evalpt(ll, [21, [31 I 

(-property. te°""rature. N_evalptsl 

10 15 20 (•property .temperature.evalpt(l-31 

[The next set of data contains information on the saturation conditions, listed Individually for each property.pressure[il. The order of information on each 
Una ls: property. s at val f Loi. property.sat val (hll I 110 150 • -
120 1,0 
130 110 

(Th• next array contains the grid of property values, with each line being the t • rles of property values a .s,ociated with one pressure evaluation. Thus the first row contains a 11st of propecty values at pres.sure ~ 
property.pressure.cv•lpt [11, with the entries listed across the page in the same ocder as the property . temperature. evalpts. l 
100 200 300 

110 210 310 

120 220 320 

[fhe other properties •re listed siodl,arlyl 

(end of d,atafilel 

Program Structure IlJ ustrc1t ion 

level: [global I enth.alpy, eti:t.ropy, Prandtl,vlseosity, 
cOt\duct lvi ty, density, exergy 

level,O 

level:l 

level:2 

level: 3 

\ I value--------------------·-· 
I \ \ 

saturati on:-- - st•ndard_property error_cheek 
property I \ 

I I \ 
I 1-------- property at grid T 
I ------" T - -I I I I 

uturation lilllit saturation teq,erature s.ituration_pressure 
- [glDb.tIJ (glo0,11) 

le'lel: 4 .Interpolation, find brackets (thesa routines are used by most of the above) -

Constants 

Ha><_II : the m&J<imwa number of ordinate evaluation points. 

dead_T, dead_p : the te,aperaeur e and pressure of the 'dead' state, i.e. no?"llal at1110spheric conditions. 

Vuh.bles 

t..,_ratUTe ,a record consisting of an array, te,,per•ture.eval~UI th,at 
lists, in ascending order, the tenperatures at which the functions 
are given [in th• dat;a file TKE!IHO.Ol\fl and an +ve integer (less 
than the constant Hax_N) giving the nlllllber of points in the ar:ray. 

pressure as for teaperatuc•. but this ti,ae using the pressure value• at which the functions are given. 



enthalpypr:op: a record consisting of a two dimensional array 
enthalpy.table value that contains the values of the entahlpy function at th8 grid teff{leratures and pte5sures given in *.eva.lpt(i], and •nother two di n-enslonal array, containing the enthalpy values at saturation, indexed by pres~ure in the fir s t index, and by vapour quality in the second (lo•>x• O, hi• >x•ll . Values in both arrays are read from the input data file THERMO.DAT. Aho included are records 
enthalpyprop. te,_rature and enthalpyprop.pressure containing the temperature and pressure evaluation points used for enthalpy. 

entropyprop, densityprop, conductprop, viscosprop, Prandtlprop : as for enthalpyprop, but this time for the functions entropy, density conductivity, viscosity and Pra.ndtl. 

inconsistency:boolean variable used to keep tabs on inconsistenies in the press ure, temperature and vapour q,ulity inputs to the module. Spec iCically, if the t e rrperature is not the saturation terrpcrature but the vapour quality is not zero or one, then incons i s tency 

x_error 

t_error 

p_e.rror 

saturation 

p_ind_* 

t _incl_• 

whi chprop _ • 

whiehord_* 

whichval_• 

p, p~. 

t, t_* 

is se t true. Note that under .such conditions the pressure and teq,erature data overrides the vapour qUality data. 

boolean variable s e t to true 1 f the t emperature indicate !I saturation but the vapour qu• lit y is less than ~•ro or greater than one~ Under these conditions, the property value returned is the e r:cor default value, -9999. 

boolean variable set by procedure find brackets if the input t en-.pera ture lies outside the range of the data in THERHO.Dl\T. Se tting of this variable causes the propert y valu~ J:'eturned t o bo -9999. 

as for t_ercor, but for the input pressure inform.,tlon. 

a record containing tvo one di11enslonal arrays listing a series of saturation pressu.-es and ten,pe.-atures for detennl.nation of the s.aturation line position, and the single integer N_evalpts giving the nu.-nbe.- of evaluation points used. Note th•t that through this record, with values fro• THERHO.DAT, the s.turation line is determined for the entire module, irrespect ive of the choice of which property is being evaluated and how many pressu.-e evaluations are associated with that property. 

a two component '/ector containing the i ndice numbers of the pressure gdd points on either side of the input pressure point. The indice of the grid point that is higher than pis glVen by p_ind_ *{hi], and the lower point by p_ind_* [lo). 

as fort ind*, but this time for the the temperature grid points bracketing the input pressure point. 

variable determining which of the properties enthalpyprop and entropyprop is being looked up. 

'l&riable determining which of the ordinates for the grid, i.e. pressure or t e mperature, is under consideration. 

variable determining whethar the saturation limit of interest is X"'O o r x-1. 

the input pressure value at which the property has to be evaluated. 

the input te,nperature at which the property has to be av.aluated. 

x , x_ * the input. vapour quality at which t he property has to be e valuated . 

..... •••• •• • • •• * ••••• **.fl*.*** • •• • ** •••• ***••·· ••••••••• * ** •••••• *"* * •••••••• 
DECLARATIONS ••••••• *** ••••••••••••• *•• .... ........................................ . ..... ···•• 1 interface 

function enthalpy Ip, T, x : single) : single; 
function entropy Ip, T, x : single) : single; 
function density (p, T, x : single) : s ingle; 
function conductivi ty Ip, T, x : single): single; 
function viscosity (p, T, x : single): single; 
function Prandtl Ip, T, x : single): single; 
function volume (p, T, x : single) : single; 
function exergy (p, T, x : single): single; 
function surlace tension/T : single): single; 
function int_energy (p, T, X : single): single; 
function saturation temperatur e (p J : single): single; function saturationyressure (T 3 : single): s ingle; 
funct ion l.tent heat(p : single>: single; 
procedure isob.oric heating (p, heat.added : single; var T, x : single) ; procedure T_fro,n s:and_p(S, p : single; v.ac T, x : single) ; procedure T_from),_.-nd_p(h, p : single; var T, x : single); proc:edure t from u and_p(u, p : single; var T, x : single); procedure ffnd_sit:state_from_.,ntropy(s : single; var p, T : single); 

iaplement.ation 

const M~ N • 30; 
dea3 r- 298.15: 
deadj,- 1.0; 

type brackets • llo, hi); 

ordinate_lnde x - 1. .Max_N; 

var 

ordinate vector • .array(ordinate index) o f single; ordinate - • rec;ord -
evalpt : ordinate vector; 
N e valpts : ordinate index; 

end; -

tabl e_of_values • array(ordinate_index, ordinate_lndexJ of single; 

property • re cord 
tag : l •• 11; 
temperature , p.ressure : ordinate; 
table value : table of values; 
sat val : array{ordTnate index, bracket s) of single; end;- -

incle,c_bracket ~ array [brackets) of ordlnate_index; 

real_bracket • array [brackets] of single; 

double_brac:kets • array(bracltets, brackets) of single; 

s•turation record 
temperatur•, pressure = ordinate vector; 
N evalpts ordiru,te index; 

end; -



entha l pyprop, entropyprop, viscosprop, Prandtlprop, conductp.rop, 
densltyprop, lo enth.alpyprop, lo entropyprop, lo densityprop, 
int_energyprop, -lo_int_ene:rgyproP : property; -

inconsistency, 
p error, t error, 
x =error : boolean; 

saturation_T, saturation_p ordinate_ vector; 

thermo text; 

dead_state_availability, data_check : single; 

( @ @@@ @@ @@@@@ @@@@@ @@ @ @@@ @@@@@@@@@ @@@@@@@@@@@@@@@@@@@@@ @@@ @@@ @@@@@@@@ @@@@@@ 

LEVEL 4 
C @@@@@@@@ @@@@ @@@ @@@@@@@@@@@@ @@@ @@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@ @@ @@@@@@@@ I 

( @@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@) 

function interpola.tion(xl, x2, yl, y2, xx : single) : ~lngle; 

tPerforros a linear lnterpolation l 

begin 
interpolation:• lxx-xl l • (y2-yl) / 1•2-xl) +yl; 

end; 

(@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@ @@@@@@) 

procedure find brackets (vector : ordinate vector; top index : ordin.ate index; 
- point : single; - - -

var B_2 : index_bracket; var out_of_range : boolean); 

{Finds the grid points bracketing the ordinate value 'point' of interest. If 
the value lies outside the range of the table of values read in from THERMl).DAT 
then the error flag •out_of_unge' is set to true.) 

var newpt : ordinate_ index; 

begin 
if 

end; 

(point>vector[top_lndex) I or {point<vector{l)) then 
begin 

out of range:=true; 
B 2ThiT:-l; 
B-2(10) :=l; 

end
else 
begin 

B_2(hi) :=top_index; 
B 2 (lo] :=l; 
repeia.t. 

newpt:•(8 2(hil+B 2(lo)l div 2; 
if (point=vector[newpt))<O then 8 2{hil := newpt 

else s:21101,- newpt; 
until (B 2 [hi J-B 2 [lol)-1; 

end; - -

1@@@@@@@!8@8@@@@HH@@@@@@@@@@@@@@@@@@@@@@@H@H@@@@@@e@@@@@@@@H@@@@@@ 
LEVEL 3 

@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@!@@@@@@@@@@@@@@@@@) 

function saturation_temperature; 

var p incl 3 : index bracket; 
e'rror: J : boolein; 

( Interpolates between the known saturation temperature.s at grid pressures to 
find the saturation temperature at any pressure. t 

begin 
error 3:• f,,lse; 
with saturation do 
begin 

find brackets [pressure, Ii evalpts, p 3, p ind J, error 31: 
if er'ror 3 then saturation' ternperatur'e:=-I .... -

end; 
end; 

-..i,e saturation temperature :•interpolation [pressure [p ind 3 ( lo) I , 
pressure[p ind J[hill, temperature Ip ind 3Tlol ), 
tenperature[p_Ind_J(hi)l, p_3J; - -

I @@@@@@@@@@ @@@@@@ @@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@ l 

function saturatlon_pcessure; 

(Interpolates between known saturation temperature valuc:s to find the 
saturation pressure at any temperature.) 

var p !rd 3 index bracket; 
e'rror :J : boolea'n; 

begin 
error 3: =false; 
111th saturation do 

begin 
find brackets {temperature, N eva.lpt:s, T J, p ind J, error 3); 
if error_J then saturation_pressure:=-1- - - -

else saturation_pressure:•interpolation (temperature[p lnd 3 [loJ l, 
temperature(p ind 3(hi]J, pressure[p ind J(loTJ, -

end; 
end; 

pressure(p_incf_J[ni)J, T_3); - -

{@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@ l 

function saturation limit (whlchprop 3 : property; whichval 3 : brackets; 
- p_ind_3 ,-index_bracket; p_J : sTngle): single; 

(Interpolates between known values at grid preuures to find the x=O or 
x•l limit of the property concerned at saturation.) 

begin 
with whichprop 3.pressure do 

saturation lfmit:• interpolation(""dpt[p ind J(lo) I, evalpt [p ind 3 (hi] I, 
whlchprop 3.sat val[p ind J[lo),whichvaf 3), - -
whichprop:3.sat:val [p:ind=J(hil ,whichval=3], p_3): 

end; 

fe@@@@@@@@@@@H@@@@@@@@H@@@@@@@@@H@HH@@@@@@@@@@@@@@HU@@HH@HH@@ 
LEVEL 2 

@@l@@HH!Ht@l@@@@@@@@@@@@@@@@@H@@@@@@f@@@@@IU@@@@@@@@@@@@@@I!@@@@@@@@} 



!unction property at grid T (whichprop 2 : property; T index : ordinate index; 
p_ ind_2 : index_6racket; sat:T_2, p_2 : singTe) : single; -

(Interpolates between known points , (including saturation values when the s aituration line crosses the temperature grid line between the grid pressures that innediaitely bracket the pressure point of interest) to find the value of the property at ._ grid te11perature, indexed by T_index.) 

var grid T, sat p : single: 
whicliside : - brackets; 

begin 
with whichprop 2 do 

begin -
grid T:•te rrperature.evd pt(T index); 
sat _p: • saturation _pressure (grid_ Tl ; 

(Firs t we determine whichside or the .satur-ation line we ace on.) 

if sat_T_2>grld_T then whichslde:•lo else vhichslde:chl ; 

(Depending on where the saturation line crosses the grid temperature line we now choose appropriaite points, and int rpolate between them to find the property value.} 

\Iii th pressure do 
H (ut_p>-evalpt[p_iiid_2[lo}I} and (sat_p<-p_ 2) then 

property_at_grid_T:~interpolation (sat_p, e va lpt [p ind_2(hll I, 
satura tion_lh1it (whichprop_2, whichsicle, p_ind_2, sat.__p), 
table_value(p_ind_2 (hi), T_ index), p_2) 

else if (sat_p<=evalpt(p_ind_2[hi] J) and (sat_p>=p 2) then 
property_at_grid_T:•interpolaticn (evalpt(p_Ind_2TloJ J, sat_p, 

table value(p ind 2[lol , T index), 
saturatlon_liiiit (whlchprop :2, whichs1de, p_lnd_2, sat_p), 
p_2) 

else property at grid T:•lntupolatlon(evalpt[p ind 2(loJ], 
-evilpt(p ind 2(hi]], table value[p incl 2(loJ, T index), 

end; 
end; 

table_vaiue(p_ind_2!hl l , T:index),-p_2); -

(@88@@@@@H@@@@@@HH@@@@U@H@@@@@@@@@@@ @@@ @@@@@@U H@@@@@HH@!H@@ 
LEVEL 1 

@@@18@@@@@@@8@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@8@@@@@@@@@@@@@@1 

function s tandard_property(whi c:hprop_ l : property; p_lnd_l , index_braeket; 
sat_T_l, p_l, T_l : single): single; 

(Organises the evaluation of the property under superheated or sub cooled c onditions. The property value ls found by interpolating along a constant pressure line, between the smallest bracket that can be formed by t he grid pressures and the saturation line. I 
vn T_ind_l : index_bracltet; 

begin 
with whlchprop l. temperature do 
begin -

find bracltets (evalpt, N evalpts, T 1, T ind 1. t • Hor): if T-l>evalpt(N evalptsT then - - - -
standard_property:sinterpolatlon (evalpt(N_evalpts-1 l, 

evalpt [N_evalpts], property _at_grld_T (whichprop_l, 

N evalpts-1, p ind 1, s at T 1, p 1), 
proparty_at g rid_T(whlchprop_ l , ii_evdpts, p_ind_l, 
sat T l, p f>, T 1) 

else H (sat T l<~T 11 and (sat T l>-;evalpt(T ind l [lo) II then 
standarcl_property:•interpoTation (sat r_r;· evilpt (T_lnd_l [hi)) , 

saturation lhut (whlcnprop l, hi, p ind l. p 11, 
property at grid T (wh1chprop l, T incl lThi), -
p_lnd_l ,-s a t_T_l; p_l), T_l)- - -

else if (sat T l>•T 11 and (sat T l<• ev,.lpt[T ind l[hilll then 
standardyroperty, ;interpolation 1evalpt [T incl 1 (To) J, sat T l, 

property at grid T(whichprop 1; T ind l [lof,-
P ind l, - sat T 1; p 1), - - -
situratioii_limit (whichprop_ l, lo, p_ lnd_l, p_l), T_lJ 

else standard _property: ~interpolation (e valpt IT_ind_l ( l o) I, 
evalpt IT ind l(hil], 
property-at grid T(vhichprop 1, T ind l(lof, 
p ind 1,-ut T 1; p 11, property at grid T(vhichprop 1, 
r:1nc1::) lhiJ , - p_::ind_T, sat_T_l, p_::11; T_lf; -end; 

end; 

f H@@@@@@H@H@U@@@@@@ @@@H@@@@@@UHUH@HH@@@@HH@J 

function saturation_property(whichprop_l : property; p_ind_l 
p_l, x_ l : single): single; 

index_ bucket; 

(Evalu ates the property under saturation condit ions. I 
begin 

iC (K l>=OJ and (K 1<•1) then 
S&turatlon_property:•saturation limlt(whiehprop 1, lo, p ind l, p l)•(l-x ll 

+saturation_lTRlit (vhichprop_1; hi, p_inc1_1; p_lPx_l -else 
begin 

saturationJ>roperty:=-9999; 
x error: • true; 

end; 
end; 

l@IHH@@@9H@@@@@@@@ 8 @@@@@@89@@@@@@@19@HHHH@@@@@Hl@@J 

procedure check_for_bad_lnput_data(whlchprop_l property; v a r p_ l, T_l 

v._r hold_p, hold_T : .single; 

begin 
with vhlchprop l .pressure do 

begin -
hold_p1-p_l; 
if hold_p>evalpt (N_evalpts) then p_l:-,,valpt(N_evalptsl 
else 11' holdy<evalpt(ll then p_l : =evalpt(l); 

end; 
if hold_p<>p_l then 

begin 
write('Pre.ssure ',hold_p:4:2,' is out of range.'); 
vrltelii('Proceedlng with p - • ,p 1:6:2)1 

en~ -
with vhlchprop l. temperature do 

begin -
hold T,•T l; 
if hold T>evalpt(N evalpt sl then T 1 :-evalpt;(N evalptsJ 
else 11 hold T<e11alpt(ll then T f:•ev&lpt(lJ;-end; - -

single ); 



1f hold T<>T 1 then 
begin- -

write('Teaperature ',hold T:4:2,' ls out of range.'): 
wdtel11('Proceeding with T • ',T 1:6:2); 

end; -
end: 

( @@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@) 

procedure error_check (p_J, T_l. x_l single); 

begin 
if p error then wclteln ('Er:ror in finding br:acket for pres sure value' ,p 1): if t.-error then wr1teln{'£rror in finding bracket for te,,,.,erature value1 , r 1); if ,cerror then writeln('Error in vapour quality va l ue' ,x l); -if if\eonsistency then writeln('Data is inconsistent: X ""' •:-x 1, 

' but temperature does not indicate saturation'); end: 

I @@@@@@H @@@@ !@@@@@@@@@@!@@@@@@@@@@!!@@@@@ @@@@@@@@@@@@@@@@ @@@@@@@@@@@@@@@H 
LEVEL 0 

@@@@@@@@@@@@@@@@@@@@@@@@@ @@ ~ @@@@ @@@@ @@@@@ @@ @@@@@ @@@@@@@@@@@@@@@@@@@@@@@@@@@ I 

!unction vdue(whichprop_ O : property; p_O, T_O, x_O : single): single; 

(Sorts out whet.her the input conditions are satoration conditions or not 
and organises the ev•luation of the property •ceordingly.) 

var p ind O : index bracket: 
sat_r:o, pp_O, TT_O : single: 

begin 
p error: • false; 
t-error: • false; 
x-error:•false; 
iiiconsistency: sfalse; 
pp 0:-p O; 
TT-0:•T-0; 
sat T O!•saturatlon temperature (p 0); 
~-!or bad input- data (whichprop O, pp 0, TT 0); 
with iihic:nprop O.pressure do - - -

begin -
!ind brackets (evalpt, N evalpts, pp 0, p Ind o, p error); if p-error then value:: -9999 - - - -

elie if (abs ITT 0-sat T 0) /TT 0<0. 001) or ( (x 0>01 and (x O<ll) then begin - - - - - -
va1ue:•saturatlon_property(whichprop O, p ind 0, pp O, x 0); lf (abs(TT 0-sat T 0)/TT 0>0.001) ano ((x-0>01 and Tx 0<I)) then 

inc onsTstencY: ;tr1.1•; - - -
end 

else valu.,:•s tandard_property (whichprop_O, p_ind_O, ,at_T_O, pp_O, TT_O); end; 
error checlc (p O, T O, x OJ ; 

end; - - - -

{8@@@e@@@@88@@@@@UHU@!@@81@@@@@@89@@@H@tl@@@f@@8e@@@@@@@H@@HH@HU@ 
LEVEL {GLOBAL) 

@@@@@@@@@@@@@@@@@ @@@ @@@@@@@@ @@@@@@ @@@@@@@@@@@@@@@@@@@@@@@@@ @@@@@!@@ 8 8 @@@@@ I 

function enthalpy; 
begin 
if p>=l then enthalpy:=value (enthalpyprop, p, T, xl 

else enthalpy :• value(lo_enthalpyprop,. p, T, x); 

end; 

c @@@e@e e@@e@@e@e e@e e e@e@e e@ee e eee e e e e e eeeeeee@@@@@H@@H@@e ' 

function entropy; 
begin 
1! p>=l then entropy:-value(entropyprop, p , 

else entropy:•value(lo_entr opyprop, 
end; 

T, x) 
p, T, x) ; 

t @@@@(!@@@@@@@@@@@@@ @@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@ ) 

function Prandt I; 
begin 
Pra ndt l: avalu@ ~Pr.1ndtlprop, p, T, x); 
end: 

C @@@@@@@@@@@@ @@@ @@@@@ @@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@I 

function viscosity; 
begin 
viscosity : • value{viscosprop, p, T, x)*le-6; 
end; 

I@@@@@@@@@@@@@@@@@@@ @@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@ I 

function conductivity; 
begin 
conductivity: • va:lu• (conduct prop, p, T, x) "le-J; 
end; 

( @@@@@@@@@@@@@@@@@@@@@@ @@@@@@@@@@@@ @@@ @@@@@@8@@@@@@@8 91@@@@ I 

function density; 
begin 
if p>• l then 

begin 
density:•value {densityprop, p, T, x); 
if (x<ll and (x>D) then 

density:•1/ tx/value (densi typrop,p, T, 1) + Cl-xi /vdue(densityprop,p, T, 01); end 
else 
begin 

density:•value Uo densityprap, p, T, x); 
if (x<l) and (x>Of then density:•1/ 

[x/value (lo densityprop, p, T, 1) + U-x) /value (lo de nsityprop,p, T, 0) I; end; - -
end; 

(@@@@@@@@@@@@@@@@@@@88@ @@@@@@@@@@@@@8@@@@@@@@88@@@@@918@@@@) 

function volu..,; 
begin 

if p>=l then 
volim.: • x/value (densityprop, p, T, l) + (1-x) /value (densityprop, p, T, 0) else 
volume: • x/value (lo_densityprop,p, T, 1) + tl-x) /value (lo_densityprop,p, T, 0) 

end: 
l@H@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@UH@H@@@l 

function exergy; 
begin 
if p>• O then exergy:•value Centhalpyprop, p , T , x I -

dead t•value(entropyprop, p, T, x)--dead state availability else exergy:-v•lui{lo •nthalpyprop, p, T, x)- - -
d•ad_t•vilue Uo_entropyprop, p, T, x)-



end; 
dead _state_ ava i 1 ability; 

1 @@@@ @@H@@@@@@@@@e@@@@@ee@@@@eeeeu@@@@@@@@@@ @@@@ @@ @e@@@@@ 1 
function latent he a t ; 
var T s at gl : Single; 
begin- -

T sat gl : • saturation temperature (pl; 
if p>;l then latent he.t:•value(enthalpyprop, p, t s at gl, ll 

-value(enthalpyprop, p, T sat gl, Of -
e he latent heat: • value(lo entha!pyprop, p, T sat gl, 1l 

- value(lo_enthalpyprop, p, T_sat_gl, OJ; -
end; 

I @@U@@@@@@@@@@@@ @@@@@@@@@@@@@@ @@@@@@H@@@@@@@@ @@ @@@@@@@@@@ l 

funct ion surface t ension; 
c onst. T st•r • 647.15; 

Big B • 0.2358; 
Lilo • -0.625; 
..., - • 1.256; 

begin 
surface tension: ~Bi g B*exp(mu*ln(l-T/T star))• (l+Lil b* 11-Tlt start); end; - - - - -

(@@@@@@@@@@8@@@@@@@8@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@) 

fun ct ion int energy; 
beg:ln -
if p>• l then i nt energy:-value(int energyprop., p, 

else int:energy: =-value{lo_Int _energyprop, 
end; 

T, x) 
p, T, x); 

( @@@ @@ @@@@@@@ @@ @@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@ @@@@@@@ @@@@ 
SEE ALSO LEVEL 3 FOR GLOB/IL nJNC:rIONS SATURATION TEHPERATl/RE AND 

SATURATION PRESSURE -
@@@@1!9@@ @@@@8@@@@@@@8@@@!@H U@@@@8 @@@@@@@@@@@@@@@@1!@HH @@ l 

( @@@@@89@@@@@9@@@@@9 @@@ @@@189@@@@@@@@@@@@198@@@@98@@@@@@88@@@@1888@@@@@@89 PROCEDURES FOR THE READING OF DATA NID SETUP O!' THE HODOLE @@@@@@@@@@@@@@@@@@@ @@@@ @@@@@@@ @@@@@@@@@@@@@@@te@@@@@@@@@HHl!f@l!@@@@@@@@@l 

procedure read_in_ordi nate (var whicbord_l : ordinate; var location_l : t ttxtl; 

(Reads in the data for an ordinate from a t axt file) 

var indewl : ordinate_index; 

begin 
with whichord 1 do 

begin -
rudln llo<:ation 1, N evdptsl; 
rudln (lac.at ion -1); -
for inde,cl :=l t o N ev.alpts do read (location 1, evalpt [inded l I; rea dln (location 1); -

end; -
end; 

I @UHU@@@@@@@@@@@@HHH@@@@@@@@@@@@@@@@@@@@(!@e@@@@@HI l 

procedure r:ead_ in_property_table (var whichprop_l p roperty; 
v•r location_l text); 

(Reads in the table o f property values at grid temperatures and pressures from a text file. l 

va.r indexl , index2 ordi nate- index: 

begin 
with whichprop 1 do 

for indexl ':• l t.o pressure.N evalpts do 

end; 

begin -
for index2:•l to temperature.N_evalpts do 

read(location l, table value(indexl, lnd•x2] l; readln (location ll; - -
end; -

I @@@@@@@@@@@@@@@@@@ @@@@@@@@@@@ @@@@@@@ @@@@ @@@@@@@@@@@@@ @@@@ l 

procedure r e ad_ in_sat_vals (var whichprop_l : property; var location_l : text); 

(Reads in the table of saturation temperature and property values from a text fil e .) 

V•r indul : ordlnate_index; 

begin 
with whichprop l do 

begin -
for indexl :•l to preuure.N evalpts do 

readln (location l, sat val [indexl, lo), s at val [indexl, hi J l; readln !location ll; - - -
end; -

end; 

! @@@@@@@H@@@@@@@@@@@@@&@@@@@@@@@@@@H@@@@@H@@@@@@HH@@@@ I 
procedure read_saturation_line (var location_0 : text); 

var indexl : ordinate_index; 

begin 
with saturation do 

end; 

begin 
readln (location 0, N e valpts); 
readln!lo=tion -0) ; -
for indexl:•l to N e valpts do 

readln (location 0, pressure [indexl I, temperature{indexl l I; 
readlnllocation 0}; -

end; -

I@@@@@@@@ @@@@@@@@@@@@@@@@H@@@@@@H@@@@@H@@@@@@@@@Ht@H@@) 

procedure read in_property (var whicliprop 0 : property; var loe.atlon 0 text); begin - - -
with whic:hprop D do 

begin -
.reAd in ordinate (pressu.re, loeat.ion 01; 
read-in- ordinate {temperature, loc:ation DJ; 
rea,Cin-sat vals (1<hichprop 0, location-0} ; 
reatCinj,roperty table (whimp<op o, location 0l; end; - - - -

end; 

l@IH@@@@lll@@@@H@@@@@@@HHH@HU@@Hl@@@@@@ @@@ @@@@@Hl@l 



procedure read_in_data (var location ; text); 

(Reads in the data ftOffl a text file. I 

begin 
reset (location); 
readln (location,data check); 
readln (locationl; -
read s.ituratlon line (location) ; 
read:ln_property (enthalpyprop, location I; 
read_in_property (entropyprop, location); 
read_in_property (vi.scosprop,. location); 
read_in_pcoperty (Prandtlprop, location); 
read_ in_property (conduct prop, locationl; 
read_in_property (densityprop, locationl ; 
read_in_property (lo_ enthalpyprop, location); 
read_in_property(lo_entropyprop, location); 
read_in__:property(lo_densityprop, location); 
rud in property (lo l nt energyprop, location); 
read:inyroperty Cint _energyprop, locationl; 
enthalpyprop. tag: •I; 
ttntropyprop. tag: =2; 
densityprop. tag: =3; 
lo enthalpyprop.tag:• 4; 
lo-ent ropyprop. tag: •S; 
lo-densltyprop. tag: • 6; 
int energyprop.tag:• 7; 
lo Int energyprop. tag: ~e: 
viicosProp. tag:=9; 
Prandtlprop. tag:•10; 
conductprop. tag: =11; 
dead_state_availabi llty:=Value (enth.alpyprop, dead_p, (dead_T-213.15), 0)

dead_T*value (entropyprop, dead_p, (dead_T-273 . 15), DI; writeln ('READING OF DATA FROM FILE Tl!ERH0. 01\T COMPLETEO' I; 
end; 

(@@@ 9 9@@@@@@@@8@@@@@@@@@1@1@@@@@@ @8@@@@@@@@@@ @@@@@ @@@@@@9@@1 

proce dure T _ Crom _property_ and ...eressure (whichprop _ 0 : property; 
p_O, propval : single;var T_O,. x_O : single); 

var p ind O, B O : index bracket; 
sit_r:o, hI_sat, lo sat, lo_ T_prop, hi_T_prop s ingle; 
newpt : ordinate _index; 

begin 
with whichprop Odo 
begin -

find brackets(pre.ssure.evalpt,pressure ~N evalpt.s,. p 0, p ind 0, p error); 
hl_sat:•saturation_limit (whichprop_O, bi'; p_ind_O, p_O);- - -
lo :sat : •uturation limit (whichprop O, lo, p ind 0, p 0); 
sat T O:•saturation t e nper~ture(p ~); - - -
if (lo sat<•propv.alf and {hi sat>~ropvall then 

begin -
T O;•sa.t T O; 
x-0:• lpropval-lo satl/(hi sat-lo sat) ; ena - - -

else 
with t e"'J)erature do 
begin 

B O[hil : •11 evalpts; 
e:oc10J :•l: 

repeat 

newpt: • (B O(hi)1B O[io))div 2; 
lf (propva l- -

property at grid T (whichprop 0, newpt, p 1 oo 0, sat T O, p Ol <O) 
th.n B O(liiJ:•ne wpt - - - - - -
else 8-0[lo) :•newpt.; 

until 10_0[hiT-B_ D [lo) l • l; 

l o_T_prop: • property_at_grid_T(whi chprop_O,B_O(lo) ,p _ind_O, sat_T_O, p _01; 
hi T_prop:•property at grid T(whichprop 0,8 O(hil,p ind O,sat T 0, p 0); 
iCtio_sat>• prop,,all and (lo_sat<•hi_T_propf then - - - - -

T_O:•interpolation (lo_T_prop, lo_sat, evlllpt [B_O(loJ l, sat_T_O, propvall 

else if (hi_sat<=propval) and (hl_ sat>~lo_f_prop) t hen 
T O:•interpolation (hi sat, hi T prop, 

- sat_T_O, evalpt(II_O(hi)I; propval) 
else 

T 0:•interpolation (lo r prop, hi T_prop, evalpt [B O(lol I, 
- - - - evalpt [B_O (nil l. propvall; 

1! propval>hi sat then x O:•l eoo; - -
e t .se K_0:• 0; 

end; 
end; 

I 8H@@@@@U@H@@@@@@@@@@@@@@@@@@@@@@@@@@@@9@@@@@@@ @@U@@@@ I 

procedure isobaric heating; 
begin -
if p>=l then 

else 

T from __prc,perty and _pressure (enthalpyprop, p, 
- (value{enthalpyprop, p, T, x)+heataddedl, T, xi 

T from_property and pressure (lo enthalpyprop, p, 
- (value (lo_enthafpyprop, p, T, X) +heatadded), T, x]; 

end; 

I@@@@ @@@@@@@@@@@@@@ @@@@@@@@@@@@@@@@@@@!@@@@@@@@@@@@@@@@@@@ l 

procedure T_from_S_and_p; 
begin 

end; 

H p>=l then T_frcxn_proper ty_and_pressure (entropyprop, p, s, 
else T_from_property_and_pressure(lo_entropyprop, p, 

T, X) 
s ,. T, JCI; 

I @1@@@@@@@@@8@@@@@@@@@ @@@ @@@@@@ @@@@@@ @@@@ @@ @@@@@@ @@ @@@@@@@ l 

procedure r from h And_p; 
begin - - -
if p>•l then T_from__property_ and_pressure (enthalpyprop, p, h, T, x i 

else T_fr010_property_and_pressure(lo_enthalpyprop, p, h, T, xi 

end; 
l@l@l@@@@@@@@H@@@@@@@@@@@@@@@@@@@@@@@@@@@HH@H@@@@@@@@@l 

procedure T_from_u_and_p; 
begin 
if p>-1 then T_fro,,._prcperty_and_pressur• lint_ener,n,prop, p, u, T, x) 

else T_froea_proper:ty _and _pressure (lo _iht._energyprop,. p, u., T,. x) 

end; 

I U@@@U@@@H@@@@@@H@@@@@@@@t@fl@e@@U@@@@@ee@@@@ @@@ U@@@@ I 

procedure find s.t state from S and x lpropval 00, x OD : single; - - - - - - vu p-OD, T-00 : s ingl e ); 
var B OD : index brac ket; - -

newpt : ordinate index; 
loval_OO, hival_~o. testval_DO single; 



begin 

B DO[hil : =sat uration.N evalpts; 
B=OO[lol :•l; -

repeat 
newpt: • (B OO(loJ+B OO[hil) div 2; 
if satura'tion.presSure [newptJ <1 then 

testval 00:::value {lo entropyprop, sa:turation.pressure(newpt), 
- saturation. temperature [newptJ, x ODJ 

else testval 00: =value (entropyprop, saturation:"pressure [newpt l, 
- saturation.temperature(newpt], x OOJ; 

if (propval_ D0-testval_OO) >0 then B_OO [hi] :=notwpt 
else B_OO[loJ :=newpt; 

until 1B_OO (hi J-B_OO [loJ 1 •l; 

if saturation.pressure [B 00 [lol J<l then 
loval 00:=Value{lo- ent.ropyprop, saturation.pressure{B OOUoJ J, 

- saturation.ten,perature[B OO(lol I, x 00) -
else loval 00:""Val ue(entropyprop, saturition.pressiire(B OO[loJ J, 

- ,aturation.temperature[B_OO[lo)I, x_OOJ; -

lf saturation.pressure[B OO[hil l <l then 
hi val 00:-vdue (lo-entropyprop, saturation.pressur-e [B 00 [hill, 

- saturatliin.temperature(B OO[hi)J, x 00) -
else hi val 00:=value {entropyprop, satura'tion.pressUre £B DO [hi J), 

- saturation.temperature[B_OO[hll], x_OO);-

p 00:•interpolation Uoval 00, hi val 00, sa·turation.pres sure [B OO[loJ), 
- saturation.pressure[B OO[hiJ), propval OOJ; 

T OO;=saturation temperature (p 00); - -
i? p OD>satu.ratiOn.pressore[sa'turation.N evalpts] then 

begin -
writeln ('ERROR : Failed to correctly find value on saturation line'}: 
writeln('Entropy value • ,propval 00); 

~¢ -
end; 

I @@H@@@@@@@@@@@@@@@@@@@@@@@@@@@@@U !@@@@@@@@@@@@@@@@@@@@@@@@@ I 

pc-oc:edure find sat state from entropy; 
bet,l.n - - - -

!ind sat state from S and x (s, l,p, T): 
end; - - - - - -

begin 
assign (ther1n0, 'thermo.dat'); 
read in data (thermo}: 

end. (of iiiodulel 
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module standard_functions (input" output,- thermo); 

!This module contains global procedures de::,igned to calculate, by 
interpolation, the vahies of the thermodynamic functions enthalpy, ent.copy,. 
conductivity, Pr,andl Humbe.r, viscosity, internal energy and density. Units of 
values returned are unmodified S.I. units, except Cor energies, which are in 
kJ eg Jc.J/kg, kW/Km etc. The ordinate functions te~rature and pressure are 
read in Celcius and bar. 

Module OrgAnisation 

To as large an extent as possible, the module h.ts been organised into a series 
of levels., with level Zero being the highest, level one containing procedures 
and functions u:sed only by level zero, level two containing those used by 
elthec level one or level zero, .aind so on. Variables 1,1lth a corrrnon function 
or meanlnq throughout the9e diCfecent levels have been suffixed with the level 
nmlher appropriate to the foutlne. whlch all o...,s easier identiflcatlon. 

Algorithm 

This program uses linear interpolation between data points read in from the 
file THERMO.DAT. The bulk of the data is in the form of an array o( values 
corresponding to e\raloatlon of t he property at a grid of tempecature and 
pressure values. These grid valu-,s can be differer:t for ea.ch property,. thus 
allowing the optimol c:hoice of points to be made for each property. The data 
1ncludes values for both liquid and vapour phases 
as well a.s the saturation values for: bot.h zero and 100\ vapour quality. The 
values for points sufficiently far away from saturation are found by simply 
interpoLating from the grid points that form a box around the point. Values 
close to saturation are found by interpolating bet.ween the saturation line 
and the grldlinesa 

Data Orqanisation 

The properties to be evaluated are stored as records of t.ype 'property'• 
consisting of records of the grid t.emperatures and pressures at which the 
property ls evaluated, and a two diNmsional array of values ~ta.ble value' that. 
holds t.he evaluatlon.s of the pI"operty at. these grid points.. -

Ten,peI"ature and pressure are stored as subrecords of type: 'ordinate', 
consisting of an array 'evalpts' of real values th.at holds t.he •ctual 
evaluation points of the ordina.te, and an integer,'N evalpts', less than th~ 
constant Hax_N, giving the m1mber of evaluation poin't.s for that axis. 

Data Entry Format 

The dau should be entered Jnto file THERMO.DAT in the 
following fashion. Explanitory colfflM!nts in squ.,re brackets [) shown here 
should IIOT be included in the actual data file. Care should be taken to 
make sure that the units of the data are appropriate for the output procedures. 
The pI"ogram 1s currently set to read values as follow11:tenperatures:Celcius, 
pressure$ :ba.;-, enthalpy: kJ/kg, entropy: kJ/kgK, den!lity: kg/ml, 
conductivity:le-3W/Km, viscosity le-6•ltg/sm. 

{beginning of flle) 
-999. 99(This is a number inserted at the beginning of the data file ONLY to 

I indicate to the module that the datafile has been read) 

S (•saturation.Nevalpts) 

2 11 l•saturation.pressure(ll, satuat!on. temperature(l)) 
312( • [21, • (3)) 
4 13 (etc) 
5 14 
6 15 

(Each property Js no,,, entered in the following fashion) 
J ( =pcope rt y. pressure. N _ eva lpt s J 

2 4 6 (•property.pressure.evalpt(ll, (21, [)) J 

3 [-property.te...,.,uture.ll_evalpts) 

10 lS 20 [•property.temperature.evalpt(l-31 

(The next set of data contains information on the saturation conditions, listed 
individually for eac:h property.pressure(!). The order of information on each g~\~~• property. sat_val [ lol, property. sat_val (hi I J 

120 160 
I JO 170 

[The next c1:rray contains the grid of property values, with each line being the 
.series of propert.y values associated with one pressure •v•luation. Thus the 
fi-I"st row contains a list of property values at pressure =
property.preuure.evalpt [l), with the entries listed across the page In the 
same order as the proper:ty, temperature.evalpts. J 
100 200 300 

ll0 210 310 

120 220 3211 

[The other properties are l lsted similarly) 

[end of datafile) 

Program Structure Illustc-ation 

level, [global I enthalpy, entropy, Prandtl, viscosity, 
conductivit.y,density ,exergy, int energy 

level:O 

level:l 

level:2 

level:3 

\ I -
value-------------------- . 

-' \_ \ 
saturation_ st.andard_property etror_c:heck 
property I \ 

I I \ 
I 1--------- property at grid T 
I _____ /I T - -
I / I f 

saturation limit saturation temperature saturation_pre.ssure 
- [globaI) [global) 

level:4 interpolation, find brackets !these routines are used by n1>5t of the 
above) -

Con~tants 

Ma,c_ll : the ,,...x1..,,. number of ordinate evaluation points. 

dead_T, dead_p : the temperature and pressuce of the •dead' state, i.e. normal 
atrriospherlc condlt lens. 

Vari.ables 

ten,pe:rature a record consisting of an array, temperature.evalpt[l) that 
lists, in ascending o.rdeI", the tenpecatures .at which the functions 
ace given Un the data file THtllHO,OATJ and an -i-ve integer (less 
than the constant Hax_NJ giving the number of points in the .array. 



pressure 

entha lpyprop: 

a.s foe t.emperatur-e, but this tine using the pressure value.s at 
which the function$ are given. 

a record consisting of a two dimensional array 
enthalpy.table value that contains the values of the entahlpy 
function at the grid te.rrperat.uces and pressures given in 
• .ev•lpt [i I, and another two dimensional array, containing the 
enthalpy values at saturation, indexed by pressure ln the 
fir•t index, and by vapour quality in the second Clo•>x~o, 
hi•>x• l). Values in both arrays are read from the input. data !ile TH£RMO.DAT. Also included are records 
enthalpyprop. te"""rature and enthalpyprop. pressure containing the temperature and pressure evaluation point.s used for enthalpy. 

entropyprop, densityprop, conduct prop., viscosprop, Prandtlprop., int energyprop 
: as for enthalpyprop, but this time for the functiOOs entropy, density, conductivity, viscosity, Prandtl number and internal 
energy. 

lo_enthalpyprop, lo densityprop, lo_entropyprop,lo_int_ enargyprop: these are 
starta'ard property records for l°"' pressures. They exist separately of the normal •prop records, but are called from. the same global 
routin•. This reduces the arrount of time spent searching by the 
program and improves the flexibility of the dat" file, as the 
lower pressures nora,ally requir• a different choice of 
temperature.evalpt I I's to that which would be used otherwise. 

inconsistency:boolean variable used to keep tabs on inconsistenies in the 
pressure, temperature and vapour quality inputs to the module .. 
Specifically, if the te..,.,rature is not the saturation te111perature 
but the vapour quality is not zero or one , then incon51stency 

x_error 

t_error 

p error 

satur.atlon 

is set true. Note that under such conditions the pressure a.nd 
temperature dat• overrides the vapour quality data. 

boole.an variable set to true if the teraperature indicates 
saturation .but the vapour quality is less than zero or great~r 
than one. Under these conditions, ttH!: property value re~urned is the error default value, -9999. 

boolean variable set by procedure !ind brackets if the input te-rature lies outside the range of the data in Tl£RMO. DAT. 
Setting of this variable causes the property value .returned 
to be -9999. 

as for t_error., but for the input pressure infonnation. 

a record containing two one dimensional arrays listing a series 
of satur•tion pressures and temperiatures for determination of the 
saturation line position, and the single integer N ev.a.lpts giving the nwmer of ev.aluatlon points u sed. Note that that through this rec:ord, with vdues from THERMO.DAT, the saturation HM is 

whichord_* variable determining which of the ordin.ates for the grid, I.e. pre.11sure or temperature, ls under consideration .. 

whichval_• variable determining whether the saturation limit of interest 
is >e• O or x-1. 

p, p_ . 

t, t_ .. 

X, X * 

the input pressure value at which the property hu to be 
evaluated. 

the input temperature at which the property has to be evaluated. 

the input vapour quality at which the property has to be 
evaluated .. 

...................... ,., .......................................................................... . 
DEC!.ARATIOHS ...... .•.... ... .. . .. . ....... ...... **"•··········· ...................................... ) 

canst Ha.x N • 30; 
deaa T• 298 . 15; 
dead:,,- 1.0; 

type bracket• • (lo, hil; 

ordinate_index • 1 •• Max_N; 

ordiMte vector= array(ordinate index) of teal; 
ordirw.te ... • record -

•valpt : ordinat.• vect.or; 
N evalpts : ordinate index; 

eno: -

table_of_values = array(ordinate_lndex, ordinate_index] of real; 

property • record 
tag: L.10; 
temperature, pressure : ordina.te; 
table value : table of values; 
s.t vil : array(ordinate indax, br.ackeuJ of real; end;- -

index_bracltet • array[brackets] of ordinate_index; 

real_br.acket • array(bracketsl of re.al; 

double_brackets • array[brackets, brackets! of real: 

determined !or the entire module, irrespective of the choice of var which p roperty is being e valuated and how many pressure 
record satur~tion 

p_ind_• 

t_ind_* 

whichprop _ • 

evaluations are associated with that property. 

a two component vector containing t.he indice numbers of the 
prusure grid points on either side of the input pressure 
point. The indica of th• grid point that is higher than pis given by p_ind_*(bi], and the lower point by p_ind_*(lo]. 

as for t lnd •, but this time for the the temperature grid points bracketing tlie input pressure point. 

variabl• detenoining vhich of the properties enthalPi'Prop and entropyprop 1a being looked up. 

temper.ature, pr•ssure : ordinate vector; 
II evalpts : ordinate index; -

end; -

enth.alpyprop, entropyprop, vhc:osprop, Prandtlprop, c:onduc:tprop, densityprop, lo enthalpyprop, lo entropyprop, lo densitypnip, 
iot_energyprop, - lo_int_ enerqyprop : property; -

inc;onsistency, 
p error, t e.rror, 
x:error : bOOlean; 

saturation_T, saturation_p ordinate_ vector; 



thermo t ext: 

dead_sta.tc_availablllty, dilta_check : real; 

I @@@@@@@ @@ @@ @ @@ @@@@@ @@@@ @@@8 @@@@@@@@@@@@@@@@@@@@@@@@@ 8@@ @@@@@ @@@ @@@@@ @@ @@ 
U:VEL 4 

I @@@@@@@@@@@@@@@ @@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@ @@@@@@@@@t!@@@@ I 

procedure check_for_data; 
(This procedure check s whether the file THERMO.DAT has been read. If it hasn't, 
a warning message i s broadcast. The program will either fail o r produce nonsensical answers if the file has not been read~) 

begin 
if data c:he ck<>-999. 99 then 

beqin-
write l n (' •••••• ...................................................... ......... ); 
writeln(' Module prop.pas•); 
wrl t e ln (' FATAL E:.RROR : DATAFILE THERMO. DAT HAS NOT BEEN READ' J ; 
writeln('To rec tify, call procedure read in data at start o f program'); wri t eln r• ** .. •••• * .... * * ** ..... • • ** *•T••*•••••• •• •• • • ••• ••); 

end; 
end; 

I @@@@ @@@@@@@@@@@@@@@@9@@@@@@@@@@@@@@H@H @@@@@@@@@@ I 

f unction intecpolation(,d, x2, yl. y2, xx re al) real ; 

(Pe rforms a linear inte rpolat ion) 

beqin 
interpolation: z (xx-xi)• (y2-yl l / {x2-xl l •yl; 

end; 

I@@@@@@@@@@@@@@@ @@@@@@@@ @@@@@@@@@@@@@ @@@@@@@@@@@@ @@@@ I 

procedure find bracket s (vector : ordinate vector; top index : ordinate i ndex; - point : real; - - -
var B_2: index_bracket; var out_of_range: boolean); 

(Find• the 9rld points bracke t i ng the ordinate value 'point• of interes t. If the value lieo outside the range of the table of values read in from THERMO.DAT then the error fbg •out_of_range• ls set to true.) 

var newpt ordinate_ lndex; 

beqin 
if 

end; 

(point>vector(top index) I or (point<vector(l)l then 
begin -

out of range:• t rue; 
B 2ThiT:•l; 
B-2[lo) :•l; 

end
else 
beqin 

B 2 [hl) :•top index; 
B-2(lol :•l; -
repeat 

newpt:•{B_2(hi)+B_21lol) div 2; 
if (point-vector(newpt)) <O th"n B 2[hil :• newpt 

else B=2 [lol :• newpt; until (B 2[hi )-B 2[lol)•l; 
e nd; - -

c @@@@@@@@@@@@@@@@ @@@@'8 P@ @@e e @ e e@@@@@@@@@@@@@e @ee@@88@e @@@ @@@H 88U@e ee 
l.EVEL J 

@@en e@eeee@ee ae@@e eaeeeeee@e@@@@@eeeeee ee@@@ @e ee eeee ee@e e ee@@UHH@H l 

(9loballfunctlon sat ura tion_tecnperature(p_3 rHl): real ; 

var p ind J : index bracket; 
ei'ror:3 : boolein; 

IInterpolat.es between the known satuc•tion t.~ratures at grid pressures t o find the saturdtlon teri.per.ature a.t any pressure.) 

begin 
check foe data; 
error-3: =-?alse; 
with saturation do 

begin 
find brackets (pre:ssure. N e valpt!I., p J, p ind J. error 3): 
if error 3 then saturation t""""ratui'e:~-I - -

end; 
end; 

-else saturation t&n,perature:=interpolation(pressure[p ind J{lol J, 
pressure(p i nd 3 [hi) J, ten,peratur•[p ii-:i 3Tloll, 
ternperature(p_Ind_ J(hiJ I, p_3l; - -

1 eeeee uaeaeaee@eeeeee eea ee ee aeeu eeee eeee@e@eH@@@@@@@@> 

(gl obal) f unction saturatlon_pressure (T_J : real) : ceal; 

(IntRrpolates between known saturation tG:mperature value.s to find the 
saturation pr•s sure •t any temperatur:e . ) 

var p ird 3 index bracket; 
e'rror:3 : boolein; 

beqln 
check for data; 
erroc- 3:=r!alse:; 
with Saturation do 

begin 
!ind bracke ts (teoiperature, N evalpts, T 3, p incl 3, error 3); if error_3 then saturatlon_pressure:-C - - -

else saturatlon_pressure:•lnterpolatlonlt""""rature(p incl 3 [lo) I, 
temperature[p ind J[hi)I, pressure[p ind J[loTI, 

end; 
end; 

pressure[p_incl_J(liill, T_31; - -

{ @@@@@8 @@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@) 

function saturat ion_limit (i,hichprop_J : property; whichval_ J : brackets; 
p_ind_J : index_bracket1 p_J : real): real; 

(Interpolates between known values at grJd pressur•s to find the x•O or x•l l imit of the propert.y conce rned at. saturation.) 

beqin 
with whichprop 3 . pressure do 

satura tion lT,.it:•interpolatlon(evalpt [p incl J(lo) I , evalpt(p ind 3 [hil I , whichprop 3.sat val[p ind J[lo),whichvaI 31, - -
whichprop=3.sat=val [p=ind=J [hi) ,whichval=JJ, p_J); 



end; 

f @@@@@@@@@@@@@@@@@&@@@@@@@@@@@!@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@ 
LEVEL 2 

8 @@@@@@8 @@9 @@@@@ @@@ @@@@@@@e@ H@@@H@@@@@@@@@@@@@@@8 G@@@@@@@@@@@@@@@@@ @@@ I 

function property at grid T (whiehprop 2 : property; T index : ordinate index; 
p_lnd_2 : index_Eraeket; sat:T_2, p_2 : realT: real; -

{ Interpolates between known points, (including saturation value.s when the 
nturatlon line crosses the temperature grid line between the grid press ures 
that immediately bracket the pressure point of interest) to find the value 
of the property at a grid teq,erature, Indexed by T_ index. J 

var grid r, .sat_p : real; 
whieliside : brackets; 

begin 
with whiehprop_2 do 

begin 
grid_T: - teq,erature.evdpt (T_index); 
sat_p:•s•turation_pressure (grid_T}; 

{First we determine whichslde of the .saturation line we are on4) 

if sat_T_2>grid_ T then whlehside:=lo else whichs lde:zhi; 

{Depending on where the saturation line crosses the grid temperature line we now choose appropriate pai nts, and i ntrpolate between them to find the 
property value. J 

with pressure do 

end; 
end; 

If (sat_p>=evalpt[p_1nd 2(lol)) and (sat_p<•p_21 then 
property_at_grid_T:•!nterpolation fsat_p, evalpt[p ind_2 (hil J, 

saturat1on_limit fwhlchprop _2, wh1ehs1ae, p_ind_2, sat_pl, 
table_value(p_ind_2 [hi], T_lndexl, p_21 

else if (sat_p<-valpt[p_lnd_2(hi)JI and (sat_p>~_2) then 
property_at_grid_T: sinterpolation fevalpt (p_Ind _2( lo) I, sat_p, 

table value[p ind 2[lo], T index), 
saturation_limit (whlehprop:2, whichside, p_ind_2, s at_p), 
p_2) 

else property at grid T:•interpolation (evalpt [p ind 2 (lo) I, 
- evalpt(p ind 2[hiJJ, table value[p ind 2[loJ, T inde,cJ, 
table_va!ue[p_ 1nd_2[hil, r:indexJ, -p_2J; -

{@@@@@@@@@@@@H@@@@@@@HHH@HH8@@@@@@@@89@@@@@89918@@@@@@@@88@1@@@ 
LEVEL 1 

@@@@@@@@@@@@@@@@@@@@@@@8@8@@@@@@@@H@@@@ @@@@H@@@@@@@@@ @@@@@@ @@@@@@@@ l 

function stand.ard_property(whichprop_l : property; p_inc:l_l : index_bracket; 
sa.t_T_ l, p_l, T_ l : real): real; 

(Organises the evaluation of the property under superheated or sub cooled 
conditions. The property value is found by interpolating along a constant pressure lin•, between the smallest bracket that can be fonoed by the grid 
pressures and the saturation line~) 

vu T_ind_l index_br•cket; 

begin 
with whichprop l. temperature do 

begin -
find br•ckets(evalpt.~ N evalpt.s, T 1, T i nd 1, t. ~rror); 
if T=l>evalpt[N_ev.alptsT then - - - -

standard_property: •interpolation (evdpt [II _evalpts-1 J, 
evalpt (N_evalptsJ, property_at_grid_T fwhichprop_l, 
N evalpts-1, p Ind l, sat T 1, p l), 
property at grTd Tlwhichprop 1, Ii evalpts, p ind 1, sat T 1,-p i>, T-11 - - - -

else 1f (sat T l<•T 1) ana (sat T 1>::evalpt[T Ind 1 flol JI then 
s tandara praperty: -interpoiation fsat T 1; evalpt [T ind l[hil J, 

- saturation Ulllit fwhlchprop 1, h i , p-ind-1, p 11, 
property at grid Tfwhiehprop 1, T ii'icl f(hil,-
p_ind_l,-sat_T_l; p_ll, t_ll- - -

else if {sat T l>zT 1> and (sat T l<~ev.alpt(T i nd l(hl lll then 
standard property: ;;lnterpolation 1evalpt [T incl' l(!oJ I, sat T l, 

- property at grid T (whiehprop 1; T ind l[lof.-
P ind 1,-sat T 1; p ll, - - -
saturation_lI..Tt (whichprop_l, lo, p_ind_l, p_l) , T_ll 

ehe standard_property: • interpolation (evalpt [T ind 1 (lo) I. 
evalpt (T Ind l(hill, - -
propercy:at_grid_T (whichprop_l, T_ind_l [lo), 
p ind 1, sat T 1, p 11, property a t grid T{whichprop l, 

end; 
end; 

( ) nd=l[hil,-p:ind_I, sat_T_l, p:11;" T_l); -

(818@@@@@@@@@@@@@@@@@ @@ @@@@@@@@8@@ @@@@HH89@@@@@ @@@8@@@J 

!unction saturation_property (whichprop_ l : property; p_ind_l 
p_l, x_l : real): real; 

(Evaluates the property under saturation c onditions.) 

begin 
if I>< l>•0) and f,c 1<•11 then 

lndex_bracket: 

saturation property:msaturatlon limit fwhichprop 1, lo, p ind 1, p 1) • fl-,c lJ 
- >saturation Hait (whichprop 1; hi, p ind 1; p lf•x 1 -else - - - - - -

begin 
s.aturatian_property: =-9999; 
x error: •true; 

end; 
end; 

IHH@@@@@H@@@@@@@@@@@@@@@@HHHl8@@@e@H@a@@@@@@@l891HJ 

procedure eheck_for_bad_input_data{llhichprop_l: property; var p_l, T_l real); 

vu hold_J>, hold_T : r..al ; 

begin 
with whichprop_l.pressure do 

begin 
hold.J>:•p_l; 
if holdt'>ev.alpt(ll_evalpts ] then p_l:-evalpt(N_evalpts ) 
else I hold_p<evalpt(l) then p_l:•evalpt(l ); 

end; 
lf hold _p<>p 1 then 

begin -
vrite('Ptessure ',hold_p:4:2,, hi out of range4' ); 
wdteln('Proceeding with p • ',p_l:6: 2) ; 



end; 
with whichprop l. teq,erature do 

begin -
hold T: •T l; 
if hold T>evalpt (N evalpts J then T l : • evalpt(N evalpts J 
else i 1 hold T<evalpt {I J then T !': ...,val pt I I J; -

end; - -
if hold T<>T 1 then 

beqln- -
write:('Tenperature ',hold T: 4:2,' is out of range.'); 
writeln('Proceedlng with f • •,r l:6:2); 

end; -
end; 

, eee@HH@@@@@@eee@ eeeeee@@ee@@@@uH@@@eeeeeee@@@@@@@@@H 1 

procedure error_check Cp_l, T_l, x_l real); 

begin 
i! p ,.,ror then writeln('Error in finding bracket for pressure value• ,p U; if t:error then writeln('Error in finding bracket for te"'P"rature valuer,T_l); lf x error then wcitelnf'Etror in vapour quality value ' , x lJ; 
if iOConsi.stency then writeln('Data ls inconsistent: x• ,;-}( 1, 

' t:.Jt temperature does no t indicate saturation• I; end; 

I @!&@ @@@@@@@@@@@@ @@@ @@@ @@ @@ @@@@@@!@@@@@@@@@@@@@@@@@@@@@@@@@@@@@HU@@@@@@ @9 
LEVEL 0 

@@@@@@@@@@@@@ @@@@@@@@@@@@@@@@@@@@@@@@@@@@@@ @@@@@@@@@ @@@@@@@@@@@@@@@@@@@@@H I 

function value(whichprop_O : property; p_O, T_O, x_O : real I: r e •l; 

{sorts out whether the input conditions are saturation conditions or not 
and organises the evaluation of the property accordingly. I 

var p_ind_O : index_bracl<et; 
sat_T_ O, pp_ O, TT_O : real; 

begin 
check for data; 

p erfor:=false; 
t-error:afalse; 
x-•rror:•false; 
iriconsistency: • false; 
pp_O:up_O; 
TT 0 : • T O; 
sat' T O:'•satura.tion temperature {p 0); 
ch,.ck-for bacl input-data(whichprop O, pp 0, TT 01; 
with vhicliprop O.pressure do - - -

be¢n -
find brackets levalpt, N evalpts, pp O, p ind O, p error}; if p-error then value:;;-9999 - - - -

else if (absiTT 0- sat T 01/TT 0<0.001) or ((x 0>0) and (x 0 <1)) then begin - - - - - -
value: ~saturationJ)roperty(whichprop O, p ind O, pp O, x 01; 
H (abs(TT 0-sat T DI/TT 0>D.001) ana ((x-O>Of and ix O<IJl then 

inconsTstency:;;tn,e;- - -
end 

d 
else value:sstandardJ)roperty(whlchprop_O, p_lnd_ O, sat_T_ O, pp_D, TT_O); en ; 

e~~or_cheel< (p_O, T_D, x_OI: 

(@@@@@@@@@@@@@0@@@@@@@@@@@@@@@@@@@@@@@@@0@8@@@@@@119@@@@@@@8@1@@@@@@@889@@ 
L£VEl, (GLOBAL) 

@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@ @@@@@@@@@@@@@@@ @@ @@@ @@@@@@@@@@@@@@@@@@@@@@@@ I 

[gl obal) function enthalpy(p, T, x : real) :real; 
begin 
if p>=l then enthalpy:•value(enthalpyprop, p, T, 

else enthalpy:•value ( lo_enthalpyprop, p, 
e nd; 

xi 
T, X); 

I@@@@@@@@@@@@@@@@@@@@@@ @@@@@@@ @@@@@@@@@@@@@@@@@@@@@@@@@@@@@ I 

(global I !unction entropy(p, T, x : real) :real; 
begin 
if p>~l then entropy:-value(entropyprop, p, T, x) 

else •ntropy: • value(lo_entropyprop, p, T, x); 
end; 

{ @@@@@@@@ @@@@@@@@@@@@ @@ @@@@@@@@@@@@ @@@@@@@@ @@@@@@@ @@@@@@@@@} 

[global) funct i on Prandtl(p, T, x : real) : real; 
beqin 
Prandtl:=Value (Prandtlprop, p, T, xi; 
end; 

I @@@@@@@@@@@9@H@@@@e@@@@@@@@@@@@@8@@@@@@@ @ea 8@@@@@@@@@ ee H I 

(global) function vlscosity(p, T, x : real) : real; 
begin 
viscosity!•value(vi.1cosprop, p, T, xJ *le-6; 
end; 

I @H@@@@@@@@@@ @@@@@@@@@@@@@@@@@@@H@@@@@@@HI a@@@@@@@@@@@@@ I 

(global I function conductivity(p, T, x : real) :real; 
begin 
conductivity: • value {conductprop, p, T, x) •le-3; 
end; 

(@@@e@@@@@@@H@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@ l@H@@@@@HH@ I 

(global I function density Ip, T, x : real) :real; 
begin 
if p>a l then 

begin 
density:-value (densityprop, p , T, xi; 
H (x<ll and (x>O) then 

density : •l/ (x/value (densltyprop,p,T, 11 + (l-x) /value(densityprop,p, T, 0) I; 
end 

else 
begin 

density:•value (lo densityprop, p, T, xi; 
if lx<ll and (x>Of then density:=l/ 

(x/v•lue (lo densityprop, p, T, lJ + 11-x) / value (lo densityprop,p, T, 0)); -~ - -end; 

I @@@@UH @@H@e@U@@@@H@@@!l@@@U@@@H@@@@@l@@@@@@@@@@@@U I 

[globalJ!unction volume(p, T, x : reall :real; 
begin 

if p>al then 
valt....,:-x/value {densityprop,p, r,l)+ (1-xl /value(d.nsltyprop,p, T, 0) 

else 
valume:•x/value (lo densityprop,p, T, ll + Cl-xi /value(lo densityprop, p, T, Ol e~ - -



l @@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@ I 

(globallfunet ion exergy(p, T, K : real) : real; 
begin 
if p>•O t hen exergy:=value(enthalpyprop, p ,T ,x J-

dead_t•value (entropyprop, p, T, x)-dead_ st.ate_avail•bi llty e l s e exe rqy: -=value (lo enthalpyprop, p, T, x)-

e nd; 

dead t•value (lo entropyprop, p, T, K} 
dead:s tate_avaiiability: 

1 @@@@@@@@@eeeeee @@e@@@@@e@@@@@@@eee@@@@@@@@@@@@eee@eeeeeeee 1 

(global) functi on latent heat (p ; real): rea l; 
v.ar T sat gl : real; -
begin- -

T sat gl :•.saturation t e:rperature (p); 
11 p>;l then latent heat : •value lenthalpyprop, p, T sat gl, 1 I 

-valuele nthalpyprop, p, T sat gl, or -
else l atent heat: •value (lo enthaipyprop, p, T sat gl , l) 

-value(lo_enthalpyprop, p, T_sat_gl, or: -
end; 

l @@ @ e @ee@@@e@eu @@@@@@@@@@n@eeeeeeeeeu@@@H@@@@@@@HH@@@ 1 
[global I function surface tension (T : real ): real; 
const T s tar • 641 .15: -

Bfg B • D. 2358; 
L1l0 • -0. 625; 
.., - • 1.256; 

begi n 
sucface tcnsion: • Big B*(Cl- T/r starl**mul*(l+Lil b*{l-T/T s tar)); end; - - - - -

I @@@@@@@@@@@@@@@ @@@@@@@ @@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@ I 

[global)function int energy(p,T,K : real) :real: 
begin -
lf p> .... 1 then int energy:-value (int energyprop, p, T, xJ 

else int:energy:•valueUo_Int._energyprop,. p , T, x); 
end: 

( @@@@@@@@@@U@@@@@@@@@@@@@@@@@@@@H @@@@@ @@@@@@@@@@@@@@@@@@@ 
SEE AJ.,SO LEVEI. 3 FOR GLOBAL FUNCTIONS SATURATION TEMPERATURE ANO 

SATURATION PRESSURE -
@@@@@@@@@@@@@@@@@@8@@@@@@9@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@} 

I l@@@H@HH@@HHH@@@@@@8@@@@@@@@91@@@@HI IH@HH@H@@@a@@@H@@8@@@@@@@ 
PROCEOUIIES FOR THE 11£.ADI!IG C£ DATA ANO SETUP OF THE MODULE 

@@@@H@H@H@@H@UH@@Ul9@@@@@H@@@@@@@ll@@t@@UUU@UHHHUU@@@UHI 

procedure read_in_ordinate (var whichord_l : ordinate; var location_l : text I; 
(Reads in t he data for an ordinate f rooo a text file} 

var lnd.e,cl : ordinate_index; 

begin 
with whichord 1 do 

begin -
readln (location 1, N evalptsl; 
readln 11 ocatlon -11 ; -
for indexl:•1 to N_evalpts do read (location_l, evalpt [indexl}I; 
readln !location 1); 

end; -
end: 

I @@@@@@@@@@@@@@@@@@@@@@@@@@ @@ @@@@@@ @@@@@@@@@@@@@@ @@@@@@@@ I 

procedure r•ad .in property table (var whlchprop 1 : property; 
- - - var location=! : text} ; 

(Reads in the table of property values at grid tenperatures a nd pressures from a text file . l 

v•r 1nde,cl, 1ndex2 : ordinate_lnclex; 

begin 
with whichprop 1 do 

for indexl':• l to pressure.N ev•lpts do 

end; 

begin -
for indu2:• l to temperature.II evalpts do 

r•ad!location 1, table-vdue(indexl, index2}); 
readln (location 11; - -

end; -

!@@@@@@@@@@@@@@@@@@@@@@@@HHH@@@@H@@@@@@&@@@@@@@HH@@@J 

procedure r•a.d_in_sat_vals (var whichprop_l : property; var locatlon_l : text) ; 

(Reads in the table of saturation teaperature and propert y values fron, a t ext file .} 

var index] : ordlnate_inde,c; 

begin 
with whichprop 1 do 

begin -
for indexl: 0 1 to pressure.N evalpts do 

rudln(location 1, s at val[indexl,lo), sat val(indexl,hil); readln (location ll; - - -
end; -

end; 

I U@@@@@@U@@@@@@@@@@@@@H@@UH@@@@@@8H@@@@l@l@@@H UHi@ l 
procedure read_saturation_lln• (var l ocation_D text); 

var ind-1 : ordinate_ index; 

begin 
with saturation do 

end; 

be9in 
readln(location 0, II • valpts); 
readln (location-01; -
for lndeKl:•l t o N evalpts do 

readln(location 0, pressure[indexl], temperature[indexlJ I; 
readln (location OJ; -

end; -

t@@l@@@@@@@HH@@@@@ll@@@HH@HH@t@HHHHHH@@HHH@@J 

procedure read in_property (var whichprop O : property; var location O text); begin - - -
with whichprop O do 

begin -



read in ordinate (pressure, location 0); 
read- i n-ordinate (temper.lure, location OJ; 
read- in-sat vals (whichprop 0, location-OJ; 
read- in- property table (whichprop 0, location OJ; end;-- - - -

end; 

c @@@@@@ @@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@2@@@@@@@@@@ I 

(global} procedure read_in_clata(var location , text}; 

(Reads in the data from a text file. I 

beqin 
reset (loc:ationl; 
readln (location, data check I; 
readln (location); -
read saturation line (location}; 
read:in_property (enthalpyprop, location I; 
read_in_property (entropyprop, location) ; 
read in property (visc:osprop, location); 
read-in -property (Prandtlprop, location); 
read=inJ>roperty kooductprop, location); 
read in property (densityprop, location); 
rea d:inj,roperty llo_enthalpyprop, location); 
read_in_property(lo_entropyprop, loc.ition); 
read_in__property(lo_densltyprop, l~tion) ; 
re•d in property Clo int energyprop, location); 
read:1n:property Unt_enirgyprop, location); 
enthalpyprop. t,1g:=l; 
entropyprop. tag:-2; 
densityprop. tag: =J; 
lo enthalpyprop. tag: • 4: 
lo-entropyprop. tag: • S; 
lo- densityprop. tag:• 6; 
int energyprop. tag, ~1; 
lo Int enecqyprop. ta.g: • 8; 
viicosProp. tag: =9; 
Prandtlprop. ta.g:=10; 
c:onduc:tprop. tag: =11; 
dead_state_availability:""Value (enthalpyprop, dead_p, (dead_T-273.15), 0) -

dead_T•value(entropyprop, dead__p, (dead_T-273 , 151, 0); 
writeln('REAOING Of DATA FROH FILE Tlle!IMO.DAT Cot§'LETEO'); 

end; 

! @@@@@@H@@@@@@@@@@H@@@H@H@@@@@@@H@@@@@@H@@@@@@UH@@@) 
{AllAl.YTICAL PROCEDUReS) 

(@@@@8@@@@@@@@@@@@@@@@@HIHH@@@@@8@@@@@@@@@@@@@@@@@@@@@@@l 

procedure T _ from __property_ and _pressure h•hic:hprop _ 0 : property; 
p_O, propval : real;var T_O, x_O : real); 

{This procedure finds the ten,perature (and vapour quality) from a given 
property whichprop_O with value propval and pressure p_O.) 

var p ind 0, B O : index bracket; 
sat T-0, hf sat, lo sat, lo Tyrop, hi T_prop , real; 
newPt-: ordTnate_ln<lex; - -

beqin 
with whic:hprop Odo 
begin -

fird_brackets Cpre:uure .evalpt,pr•ssure.H_evalpt:s, p_O, p _ind_O, p_error); hi sat:~saturation lillllt (whic:hprop 0, hi, p ind 0 , p 0); 
10:sat:=saturation=limit (whichprop:o, lo, p:inc1:o, p=O); 

sat T O:•uturation temperature(p DJ ; 
if (lo ut<•propvalf and (hi sat>~ropval) then 

begin -
T 0 :•sat T 0; 

e~;O : • lpropv&l-Jo_ satJ / (hi_sat-lo_sat); 

else 
with temperature do 
beqin 

8 O(hll !•II evalpts; 
e:01101 : • l; 

repeat 
Mwpt:=(8 O(hi)+B O(lo)ldiv 2; 
if (propvil- -

property at grid T(,mic:hprop . O, MW)>t, p ind 0, sat TO, p Ol<O) then B O[lii):• newpt - - - - - -
eln 8-0(lo) :•newpt; 

until (B_O(hiT-B_Ollo} 1• 1; 

lo_T_prop: •property _at_grid _T(whichprop _O,B_O(lo), p _ind_D, sat._T_ 0, p _OJ; 
hi T _prop:•property at grid T(whic:hprop 0,8 O(hi),p ind O,sat T O, p 0); 
iC(fo_sat>•propvalf and (lo_sat<• hi_T_propf then - - - - -

T_O:•interpolation (lo_T__prop, lo_sat, evalpt(B_D(lol I, sat_T_O, propval) 

else if (hi_sat<•propval) and (hl_sat>~lo_T_prop) then 
T_O: •interpol ation (hi_sat, hi_ T__prop, 

sat_T_O, evalpt (B_O(hi) I, propval) 
els• 
T_O:•interpolation (lo_T__prop, hi_T__prop, evalpt{B_O[lo] I, 

evalpt (B O (hi I J, propval l; 
if propval>hi sat then x 0:•1 end; - -

else x_O:• O; -

end; 
end; 

l@H@@@@@@@@@ @@@@@@@@@@@@@@@@@@@@8@@@@@HHH@@@@@@@@@@@@@) 

(globalJprocedure isobaric heating(p, heatadded : real; var T, x : real); 
(This procedure takes an initial condition p, T, x and finds the final condition p, T, x for an isobaric heating process with heat addition 
heatadded. J 
begin 
if p>=l then T _ f ron, _property_ and __pressure (entha,lpyprop, p, 

(value (enthalpyprop, p, T, x}+heaUclded), T, x) 
T _from _property_ and yreuure (lo enthalpyprop, p, 

(value (lo_enthaipyprop, p, 'f, xi ♦heatadded), 
else 

T, x); 
end; 

(@IH@@@@@@Hl@@@@@@@@ @@@@@ @@9@@99H@@@@UHH@@H@@@@l@@@I 

(global)procedure T from s and p(s, p : r eal; var T, x : real); 
{This procedure finds the temperature T and vapour quality x corresponding 
to a given entropy s and pressure p. l 
begin 
if p>•l then T_fro•__pr operty_and_pressure(entropyprop, p, s, T, x) 

else T_from_property_ and_pressure(lo_entropyprop, p, s, T, xi; end; 

IHHl@@@@@@@@88@@@@@@8@H@@@H81f@@@@@HHHH@@@@@@HH@l 

(global)proceclure T from h and p(h, p : r eal; var T, x : real); 
(This procedure f1niu the t.,,.pirature T and vapour quality x corresponding to a given enthalpy h And. pressure p. t 
begin 
if p>•l then T_frOftl__property_and__pressure(enthalpyprop, p, h, T, xl 



else T_ froa__property_and_pressure(lo_enthalpyprop, p, h, T, )() 

end; 
{ @@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@89@@@@ @@@ @@@@@@@@ @@@ @@@ > 

[globallprocedure T from u and p(u, p : real; var T, x : real I; 
{This proc:edure fioos the telOperature T and vapour quality X corresponding to a given internal energy u and pressure p.) 
begin 
if p>=l then T_ frOftl_property_•nd_pressure(int_energyprop, p, u, T, x) 

else T_from_property_and_pressure(lo_int_energyprop,. p, u, T, x) 
end; 

{@@@@@@@@!@@@@@@@@@@ @@@@@@@@@@@@@@@@&@@@@@@@@@@@@@@@@@@@@@@' 

procedure find sat s tate from S and x (propval 00, x 00 : real; 
- - - - - - var p-00, T-00 : real) ; 

(This procedure finds the pressure p 00 and temperature T 00 corresponding to a saturated state of entropy propval-00 and vapour qua lity x 00. I 
var B 00 : lndex bra.cir.et; - -

newpt : ordinate index; 
loval_ OO, hival_lro, t&stval_ OO : real; 

begin 

B OO(hil : • satuution.N evalpts; 
e:oouoJ : • l; -

repeat 
newft : = (B OO{lo)~B OO[hi l) div 2; 
1 ! saturaEion. pre sSure [newptJ <1 then 

testval 00: .. value(lo entropyprop, saturation.pressure(newptJ, 
- saturation. E'errper.ature (newpt), x 00) 

else testval_OO :• value (entropyprop, saturation:"pressure [newpt J,. 
saturation. te11perature [newpt), x_OO) ; 

if (propval 00-testval 001 >0 then B 00 [hi I : Rne"Pt 
- - else e:oo[lof:R?1e"'!>t; 

until (B_OO[hi)-B_OO[lol)- 1; 

i! saturation.pressure[B OO[lo) )<l then 
loval_OO:-value (lo=entropyprop, satu.ration.pressure [B_OO[lo) J, 

saturation. temperature{B 00 [lo) J, x 00) 
else loval 00:-valuelentropyprop, saturation.pressiire{B OO(lo) ), 

- saturation. temperature(B_OO(loJ J, x_OO) ;-

1! saturation.pressure[B 00 [hi) I <l then 
ht val 00:-value llo-entropyprop, saturation.pressure{B OO{hi J J, 

- saturation.te-rature{B OO{hil), x 00) -
else hivd D0:-value(entropyprop, saturitJ.on.pressiire[B DO(hi) J, 

- s a turatlon.ten,penture[B_OO[hi]J, x_OO);-

p_Oo:-interpolation(loval_OO, hival_ OO, saturation.pre uure(B_OO [lo) J, 
saturation.pressure(B OO(hlJJ, propval 00); T 00:• saturatlon temperature (p 001; - -lI p OO>s.turation.pressun(saturation.N evalptsJ then begh> -

writeln l'ERI\OR : Failed to correctly find value on saturation line'); writeln('Entropy value • ,propv..t 00); 
end; -

end; 

IH@@@H@l@@@U@HHHH@H@HHH@H@@H@@@@@@@@@@@@@@@@@@@@@I 

[global) proc edure find_sat_state_ fro11_entropyla : real: var p, T : real); 

{This procedure finds the intersection of an isentrope of entropy s with th• saturation line x.sl .} 
begin 
en!~nd_ sat_state_from_s_and_x (5, 1,p, T); 

end. (of module) 



Appendix 3 : Data File THERMO.DAT 

-999 . 99 

27 

0.1 45.817 
0.2 60.073 
0.3 69.114 
0.4 75.877 
0.5 81.339 
0.6 85.949 
0.75 91.783 
0.9 96.713 
1 99.632 
1.2 104.811 
1.5 111 . 378 
1. 7 115 . 177 
2 120.241 
2 . 5 127 . 443 
3 133.555 
4 143.643 
5 151. 866 
7 164.983 
10 179 . 916 
15 198.327 
20 212.417 
25 223.989 
36 244 . 220 
50 263.977 
66 281. 910 
76 291.482 
100 311. 031 

15 

l 1.5 2 3 4 5 7 10 15 25 36 50 66 76 100 

19 

15 25 50 75 100 125 175 225 275 325 375 450 500 560 620 700 800 900 1000 
417.51 2675.1 
467 . 18 2693.4 
504.8 2706 . 5 
561 . 61 2725.3 
604 . 9 2738 . 5 
640.38 2748.6 
697 . 35 2763.3 
762.88 2777.7 
844. 86 2791. 5 
961 . 98 2802.2 
1057.43 2802.3 
1154.22 2793.7 
1246 . 11 2776. 9 
1297 . 19 2763.6 
1407.33 2724.5 

63.01 104.84 209.40 314 . 01 2675.9 2726.3 2825.5 2924 . 3 3023.8 3124 . 4 3226.4 3382.3 3488 . 2 36_],7.5 3749 . 2 3928 . 8 4159.7 4397.5 4642.0 
63.06 104.89 209 . 45 314.05 419.10 2721.6 2822 . 5 2922 . 3 3022.3 3123.3 3225.6 3381.7 3487.7 3617.0 3748.9 3928 . 5 4159 . 4 4379.3 4641.9 
63.11 104 . 93 209.49 314.09 419.14 2716. 6 2819.6 2920 . 3 3020 . 9 3122 . 2 3224.7 3381.0 3487 . l 3616.6 3748 . 5 3928.3 4159 . 2 4397.l 4641 . 7 



63.20 105.03 209. 58 314.17 419.21 525 . 11 2813.5 2916.2 3017.9 3120.0 3223.0 3379.7 3486.1 3615.7 3747.8 3927.7 4158 . 8 4396.7 4641.4 

63.30 105.12 209.66 314 .25 419.29 525.18 2807.2 2912.1 3015.0 3117.8 3221.2 3378.5 3485.0 3614.9 3747.1 3927.1 4158.3 4396.4 4641.1 

63.39 105.21 209.75 314.33 419.36 525.25 2800.7 2907.9 3012.0 3115.5 3219.4 3377.2 3483.9 3614.0 3746.3 3926 . 5 4157.8 4396.0 4640.8 

63.58 105.40 209.92 314.49 419.51 525.39 2787 . 2 2899.3 3005 . 9 3111.0 3215 . 9 3374.6 3481.8 3612.2 3744.9 3925.3 4156 . 9 4395.3 4640.2 

63.87 105.67 210.18 314.73 419.74 525.60 741.28 2885.8 2996.6 3104.1 3210.5 3370.7 3478.6 3609.6 3742 . 7 3923.6 4155.5 4394.2 4639.3 

64 . 35 106.14 210.61 315.14 420.11 525.94 741.54 2861.6 2980.5 3092.3 3201.5 3364.2 3473.1 3605.2 3739.0 3920.6 4153.2 4392.3 4637.9 

65.30 107.06 211.47 315.94 420.87 526.63 742.07 2805.4 2945.6 3067.7 3182.8 3350.9 3462.2 3596.2 3731.6 3914.7 4148.6 4388 . 7 4634.9 

66.35 108.08 212.42 316.83 421.69 527. 39 742.65 966.91 2902.4 3038.B 3161.5 3335.9 3449.9 3586.3 3723.3 3908.1 4143.5 4384.6 4631.6 

67.69 109 . 37 213.63 317.96 422.75 528.36 743.40 967.25 2837.5 2998. 7 3132.9 3316.3 3433.9 3573.4 3712.7 3899.7 4137.0 4379.4 4627.4 

69.21 110.84 215.00 319.25 423.95 529.47 744.25 967.66 1209.85 2947.4 3098.0 3293.2 3415.3 3558.5 3700.4 3889.9 4129.5 4373.5 4622.7 

70.16 111.76 215.86 320.06 424.71 530.17 744.79 967.92 1209.43 2911.6 3074 . 9 3278 . 3 3403.3 3549.0 3692.7 3883 . 8 4124.8 4369.8 4619.7 

72.44 113.97 217.93 322.00 426.52 531.84 746.09 968.56 1208.52 2808.1 3014.7 3241.1 3374.0 3525.8 3673.8 3869.0 4113.5 4360.9 4612.5 

15 

1 1.5 2 3 4 5 7 10 15 25 36 50 66 76 100 

20 

15 25 35 50 75 100 125 175 225 275 325 375 450 500 560 620 700 800 900 1000 
1. 30273 7. 3589 
1 . 43376 7.2232 
1. 53035 7 .1272 
1. 67211 6. 9921 
1. 77700 6 . 8961 
1. 86104 6. 8214 
1. 99254 6 . 7079 
2.13885 6.5859 
2.31496 6.4438 
2.55439 6.2560 
2.73992 6.1125 
2. 92013 5. 9725 
3.08455 5 . 8425 
3.17336 5.7705 
3.35918 5.6140 

0.22422 0.36693 0.50493 0 . 70370 1.01549 7.3609 7.4918 7.7263 7 . 9353 8.1257 8.3014 8 . 4652 8.6927 8.8342 8.9953 9.1480 9.3405 9.5662 9.7781 9.9781 
0.22421 0.36692 0.50491 0. 70368 1.01546 1.30685 7.2952 7.5342 7.7452 7 . 9366 8.1129 8 .2770 8.5049 8.6466 8.8077 8.9605 9:1531 9.3789 9.5908 9.7908 



0.22421 0.36690 0.50489 0.70365 1.01543 1.30681 7.1527 7.3963 7.6094 7 . 8018 7.9787 8 . 1433 8.3714 8.5133 8.6746 8.8274 9.0201 9.2460 9.4579 9.6580 
0.22419 0.36688 0.50486 0 . 70361 1.01536 1.30673 1.58142 7.1987 7.4161 7.6107 7.7888 7.9541 8.1830 8.3252 8.4867 8.6397 8.8325 9.0585 9.2705 9.4706 
0.22417 0.36685 0.50482 0 . 70356 1.01530 1.30665 1.58132 7.0551 7 . 2770 7.4739 7 . 6533 7.8194 8.0489 8.1914 8.3531 8.5063 8.6993 8 . 9254 9.1375 9.3377 

0.22416 0.36683 0.50479 0.70351 1 . 01524 1 .30657 1.58123 6.9408 7.1676 7.3668 7.5475 7.7144 7.9446 8.0873 8.2493 8.4027 8 . 5959 8.8221 9.0342 9.2345 

0.22413 0.36677 0.50472 0.70342 1 . 01511 1 .30642 1.58104 6.7617 6.9990 7 .2032 7.3865 7 . 5550 7.7866 7.9300 8.0924 8.2462 8.4396 8.6661 8.8784 9.0788 
0 . 22408 0.36670 0.50461 0.70328 1.01492 1 .30618 1.58076 2.09091 6.8135 7 .0257 7 .2133 7 . 3842 7.6180 7.7622 7.9254 8.0797 8.2736 8.5005 8.7130 8.9136 

0.22401 0.36657 0.50444 0.70305 1.01461 1.30579 1.58029 2.09024 6.5885 6.8161 7.0114 7.1867 7.4242 7.5699 7.7343 7.8894 8.0841 8.3116 8.5246 8.7254 
0.22385 0.36630 0.50409 0.70259 1.01399 1.30502 1 . 57935 2 . 08892 6.2625 6.5312 6.7444 6.9293 7.1746 7.3235 7.4905 7.6473 7.8436 8.0724 8 .2862 8 . 4876 
0.22368 0.36601 0.50371 0 . 70208 1 . 01330 1 .30416 1.57833 2.08748 2 .5617 6 . 3007 6.5390 6.7360 6 . 9908 7.1432 7.3131 7.4719 7 . 6701 7.9003 8.1151 8.3171 

0 . 22345 0.36564 0.50321 0.70144 1.01243 1.30308 1.57703 2.08565 2 .5590 6.0532 6.3352 6.5507 6.8187 6.9760 7.1498 7 . 3112 7.5117 7.7438 7 . 9598 8.1626 
· 0.22319 0.36522 0.50265 0.70070 1.01144 1.30185 1.57555 2.08357 2 .5559 3 .0188 6.1390 6 . 3811 6.6663 6.8296 7.0080 7.1725 7.3757 7.6100 7.8274 8 . 0312 

0.22303 0 . 36495 0.50230 0 . 70024 1 . 01082 1.30108 1 . 57463 2.08229 2 . 5541 3.0157 6 . 0255 6.2883 6.5855 6.7528 6.9342 7 . 1007 7.3057 7.5414 7.7596 7 . 9640 
0.22262 0.36431 0.50146 0.69914 1.00394 1.29924 1.57243 2.07922 2 .5496 3.0083 5.7555 6.0882 6.4194 6.5971 6.7862 6.9577 7.1671 7.4062 7.6266 7.8324 
7 

1 5 10 25 50 75 100 

13 

25 50 75 100 150 200 250 300 400 500 600 700 800 

283 .5 12.27 
179.7 14.08 
149.4 15.07 
118 . 8 16 . 63 
99.9 18.14 
89 . 4 19.27 
81.7 20.33 

890.8 547.1 378.4 12.28 14.19 16 . 18 18.22 20 . 29 24.45 28 . 57 32.61 36 . 55 40.38 
890.7 547. 1 378.5 282 .4 182.0 16 . 07 18.15 20 . 25 24.44 28.58 32 .63 36.57 40 .39 
890 . 6 547.2 378.6 282.6 182.1 15 . 93 18 . 07 20. 20 24.42 28.58 32.64 36.59 40.42 
890.3 547.5 379.0 283.0 182.5 133.9 17.83 20.06 24 .39 28.61 32.70 36.66 40 .50 
889 . 8 547.9 379 . 6 283.6 183.2 134.5 106 . 1 19.86 24.38 28.67 32 .81 36 . 79 40.63 
889.3 548.3 380.2 284.3 183 .8 135 . 1 106.8 19 .74 24:40 28.77 32.93 36.93 40 . 78 



888.9 548.7 380.9 284.9 184.4 135.7 107.5 86.42 24.49 28 . 89 33.09 37.09 40.94 
7 

1 5 10 25 50 75 100 

15 

25 50 75 100 150 200 250 300 350 400 450 500 600 700 800 
1. 761 1. 000 
1.138 1. 022 
0.977 1.058 
0. 851 1.177 
0. 831 1.382 
0. 872 1. 599 
0.950 1.839 

6.137 3.555 2 . 378 1.000 0.974 0.960 0.950 0.941 0.932 0.924 0.917 0.911 0.899 0.890 0.882 

6.133 3.553 2.377 1.753 1.151 0.984 0.964 0.950 0 . 939 0 . 929 0.921 0.913 0.901 0.891 0.882 

6.128 3.551 2.377 1.752 1.150 1.028 0.987 0.965 0.949 0 . 936 0.926 0.917 0.902 0.891 0.883 

6.113 3.546 2.374 1.751 1 . 150 0.903 1.096 1.021 0 . 982 0.958 0 . 941 0 . 928 0.908 0.894 0.884 

6.088 3.538 2.371 1.750 1.149 0.902 0.825 1.173 1.057 1 . 002 0 . 969 0.946 0 . 916 0.898 0.886 

6.063 3.529 2.367 1.748 1.148 0.900 0.821 1 . 466 1 . 162 1.055 1.000 0.966 0 . 925 0.901 0.888 

6.039 3.521 2.364 1.746 1.147 0.899 0.817 0 . 890 1.312 1 . 118 1.035 0.988 0.933 0.904 0.889 

7 

1 5 10 25 so 75 100 

14 

25 50 75 100 150 200 250 300 350 400 500 600 700 800 

679.0 25.05 
681. 7 31. 88 
673.4 36.43 
646.4 45.03 
603.8 55.20 
564 . 2 64.85 
528.0 75.97 

607.2 643.6 666.8 25.08 28 . 85 33.28 38.17 43 . 42 48 . 96 54.76 66.97 79.89 93.37 107.3 

607.4 643.7 667.0 679.3 682.1 34.93 39.18 44.09 49.44 55.13 67.25 80.13 93.59 107.5 

607.6 644.0 667.2 679 . 6 682.4 37. 21 40. 51 44.95 50.06 55.61 67. 60 80.44 93.87 107.8 

608.3 644.7 668.0 680.4 683.4 664.2 45 . 16 47.82 52 :06 57.15 68 . 71 81 . 39 94 . 75 



108.5 

609.4 645.8 669.2 681.8 685.1 666.4 622 . 7 53 . 86 55.99 60.06 70.74 83.13 96.34 109 . 9 

610 .5 647.0 670.5 683.2 686.8 668.6 625.9 63.11 61.06 63 .56 73.03 85.04 98 .08 111.5 

611.7 648.2 671.7 684.5 688.5 670 .7 629.0 550.9 68 .10 67.89 75.61 87.14 99.97 113.2 

22 

1 1.5 2 3 4 5 7 8.5 10 12 15 20 25 30 36 42 50 58 66 76 88 100 
15 

15 25 75 125 175 225 275 325 375 450 520 600 700 800 900 1000 
958.66 0.5902 
949.94 0.8624 
942.96 1 .1289 
931.84 1.6505 
922 . 91 2.1624 
915.31 2.6677 
902.58 3.6655 
894.45 4.4068 
887.15 5.144 
878.37 6.125 
866.69 7.592 
849.85 10.041 
835.19 12.508 
821.99 15.001 
807.51 18.037 
794.13 21.130 
777.51 25.355 
761. 93 29. 712 
747.10 34.218 
729.32 40.087 
708.73 47.527 
688 . 61 55 .47 

999 . 14 997 . 06 974.86 0.5503 0.48669 0.43681 0.39643 0.36299 0.33480 0.29992 0 . 27337 0 . 24827 0 .22272 0.20194 0 . 18472 0.17020 

999.16 997.08 974.89 0.8303 0.7325 0.6566 0.5955 0.5497 0.5026 0.4501 0 . 41020 0.37249 0.33413 0.30294 0.27709 0.25531 

999.18 997.11 974.91 1.1138 0.9800 0.8774 0.7952 0.7275 0.6706 0.6004 0.54712 0.49677 0.44557 0.40396 0.36947 0.34042 

999.23 997.15 974.95 939.11 1.4804 1 . 3219 1.1963 1.0935 1.0075 0 .9015 0.8212 0.7455 0.6685 0.6061 0.5543 0.5107 

999.28 997.20 975.00 939.16 1.9883 1 . 7705 1 .5998 1.4610 1.3453 1.2033 1 . 0957 0.9945 0.8917 0.8082 0.7391 0.6809 

999.32 997.24 975.04 939.21 2 .5042 2 .2232 2.0059 1.8302 1.6842 1.5056 1. 3706 1.2437 1 ,~149 1 . 0105 0.9240 0.8512 

999.42 997.33 975.13 939.31 3.5619 3.1418 2.8255 2.5732 2.3652 2.1120 1.9215 1.7428 1.5618 1.4152 1.2939 1.1919 

999.49 997.40 975.20 939.39 4.3804 3.8429 3.4471 3.1348 2.8788 2 .5685 2 .3357 2.1177 1.8973 1.7189 1. 5714 1.4474 



1 
j 

999.56 997.47 975.26 939.46 892.41 4.5551 4.0748 3.7001 3.3948 3 . 0263 2.7508 2.4932 2.2331 2 . 0228 1.8491 1.7030 

999.65 997.56 975.35 939.57 892 . 54 5.523 4.922 4.4598 4.087 3.6390 3.3056 2.9946 2.6813 2.4283 2.2194 2.0439 

999.79 997 . 69 975.49 939 . 72 892.74 7 . 018 6.214 5.613 5 . 1330 4.5628 4 . 1407 3.7486 3.3546 3.0370 2.7752 2.5553 

1000.02 997.92 975.71 939 . 97 893 . 06 9.640 8.432 7.571 6.900 6.115 5.541 5.010 4.4794 4.0531 3.7023 3.4082 

1000.25 998.14 975 . 93 940.23 893.39 12.463 10.739 9.578 8.698 7.685 6.951 6.278 5.608 5 . 071 4.6305 4.2616 

1000.49 998.36 979 . 06 940.48 893.71 834 . 29 13 . 148 11.639 10.528 9.271 8 . 371 7.551 6.739 6.091 5.560 5.116 

1000.76 998.63 976.42 940.78 894.09 834.85 16.192 14.188 12.768 11.198 10.089 9.088 8.101 7.317 6.676 6 . 141 

1001.04 998 . 90 976.68 941.09 894.48 835.40 19 .782 16.829 15.061 13.151 11.823 10 . 633 9.468 8 . 546 7.794 7.167 

1001.41 999 . 26 977 .03 941.49 894 . 99 836.13 24.155 20.511 18.203 15.798 14.160 12.709 11.299 10 . 189 9.287 8.536 

1001.78 999.61 977.38 941.89 895.50 836.85 29.474 24.402 21.454 18. 497 16 . 526 14.801 13.138 11.836 10.782 9.907 

1002.15 999.97 977.73 942 . 29 896.01 837.57 760.26 28.540 24.822 21.249 18.922 16 . 909 14.986 13.488 12.280 11.279 

1002.60 1000.41 978.17 942.79 896.64 838.46 761.80 34.133 29.216 24.768 21.961 19.570 17.309 15.560 14.155 12.995 

1003.15 1000.95 978.70 943.39 897.39 839.53 763.61 41 . 640 34 . 794 29.117 25.674 22.799 20.115 18.057 16.411 15.057 

1003.70 1001.48 979.22 943.98 898.14 840.58 765 . 38 50.366 40.763 33.611 29.463 26.068 22.941 20.564 18.673 17 .122 

10 

0.1 0 . 2 0.3 0 . 4 0.5 0.6 0.7 0.8 0.9 1 

15 

25 35 45 55 65 75 85 95 105 120 180 240 300 360 420 

191.83 2583.8 
251.46 2608.9 
289.28 2624.6 
317.63 2636.1 
340 . 54 2645 . 3 
359.90 2653.0 
376.73 2659.6 
391. 70 2665. 3 
405.20 2670.5 
417.51 2675.1 

104 . 76 146.59 188.42 2601.3 2620.4 2639.4 2658.4 2677.4 2696.5 2725.l 2840.3 2957 .2 3076.2 3197.4 3320.8 

104.77 146 . 60 188.42 230.24 2618 . 4 2637.7 2657.0 2676 . 2 2695.4 2724.1 2839.7 2956.9 3075.9 3197.2 3320.7 



104 . 78 146.61 188.43 230.25 272.08 2636.1 2655.5 2674.9 2694.2 2723.2 2839.2 2956.5 3075.7 3197.0 3320.5 

104.79 146 . 62 188 . 44 230 . 26 272.09 313.96 2654.1 2673.6 2693.1 2722 . 2 2838.6 2956.2 3075.4 3196.8 3320.4 

104.80 146.63 188 . 45 230.27 272.10 313.97 2652.6 2672.3 2691.9 2721.2 2838.1 2955.8 3075.2 3196.6 3320. 3 

104.81 146.64 188.46 230.28 272.11 313.98 355.92 2671.0 2690.8 2720.3 2837.5 2955.4 3074.9 3196.4 3320.1 

104.81 146.65 188 . 47 230.28 272.11 313.98 355.93 2669.7 2689.6 2719.3 2837.0 2955.1 3074.7 3196.2 3320.0 

104.82 146.65 188.48 230.29 272.12 313 . 99 355.93 2668.3 2688.4 2718.3 2836.4 2954.7 3074.4 3196.1 3319.8 

104.83 146.66 188.49 230.30 272.13 314.00 355.94 397.99 2687.3 2717.3 2835.9 2954.4 3074.2 3195.9 3319.7 

104.84 146.67 188.49 230.31 272.14 314.01 355.95 397.99 2686.1 2716.3 2835.3 2954.0 3073.9 3195.7 3319.5 

10 

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 

15 

25 35 45 55 65 75 85 95 105 120 180 240 300 360 420 
0 . 64926 8 . 1482 
0.83211 7.9068 
0.94406 7.7672 
1.02607 7.6688 
1.09117 7.5928 
1.14540 7.5310 
1.19197 7. 4789 
1. 23298 7. 4339 
1. 26960 7. 3943 
1.30273 7 . 3589 

0.36695 0.50496 0.63853 8.2024 8.2596 8.3151 8.3690 8.4214 8.4724 8 . 5466 8.8193 9.0615 9.2808 9.4818 9.6681 

0.36695 0.50496 0.63853 0 . 76794 7.9352 7.9914 8.0459 8.0988 8.1502 8.2248 8.4984 8.7411 8.9606 9.1617 9 . 3480 

0.36695 0.50495 0.63852 0.76794 0.89350 7.8005 7.8555 7.9089 7.9607 8.0358 8 . 3104 8.5535 8. 7731 8.9743 9.1607 

0.36695 0 . 50495 0.63852 0.76793 0.89350 1.01553 7.7195 7.7733 7.8255 7.9011 8.1767 8 . 4202 8.6400 8 . 8413 9.0278 

0.36694 0.50495 0.63852 0 . 76793 0.89349 1 . 01552 7.6132 7.6676 7.7202 7.7962 8.0728 8.3167 8.5767 8 . 7381 8.9247 

0.36694 o:50494 0.63851 0.76792 0.89349 1 . 01551 1.13429 7.5806 7 . 6336 7.7101 7.9877 8.2320 8.4522 8.6538 8.8404 

0.36694 0.50494 0.63851 0 . 76792 0.89348 1.01551 1.13428 7.5066 7.5600 7.6370 7 . 9156 8.1603 8.3807 8 . 5824 8.7691 

0.36694 0.50494 0.63850 0.76791 0.89348 1.01550 1.~3428 7 . 4421 7.4960 7.5734 



7.8531 8.0982 8.3188 8.5206 B.7073 

0.36693 0.50493 0.63850 0.76791 0.89347 1 .01549 1.13427 1.25005 7.4391 7.5171 7.7978 8.0433 8.2641 8.4660 B. 6528 

0.36693 0.50493 0.63849 0.76790 0.89347 1.01549 1.13426 1.25004 7.3880 7.4665 7.7482 7.9942 8.2152 8.4172 8.6040 

10 

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 

9 

25 55 85 115 175 240 300 360 420 

989.82 0.06815 
983.13 0.13072 
978 . 25 0.19121 
974.31 0.25038 
970.96 0.30856 
968.01 0.36598 
965.36 0.42276 
962.95 0.47902 
960.72 0.53482 
958 . 66 0.5902 

997.02 0.06621 0.06061 0.05589 0.048379 0.042240 0.037813 0.034227 0.031263 
997.03 985.66 0.12143 0.11192 0.09682 0.08451 0.07564 0.06847 0.06253 
997.03 985.66 0.18248 0.1 6809 0.14533 0.12682 0.11349 0.10272 0.09381 
997.03 985.67 0.24375 0. 22439 0.19390 0 . 16915 0.15136 0 . 13698 0.12510 
997.04 985.67 0.30526 0.28084 0.24254 0.21152 0.18925 0.17125 0.15639 
997.04 985 . 67 968.63 0.33744 0.29124 0.25392 0 .22716 0.20553 0.18769 
997 . 05 985.68 968 . 63 0.39418 0.34000 0.29635 0.26508 0.23983 0.21899 
997.05 985.68 968.63 0.45107 0.38883 0.33881 0.30302 0.27413 0.25031 
997.06 985 . 69 968.64 0.50811 0.43773 0.38131 0.34098 0.30845 0 .28163 
997.06 985 . 69 968.64 0.5653 0.48669 0.42384 0.37896 0.34278 0.31296 
10 

0.1 0 . 2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 

15 

25 35 45 55 65 75 85 95 105 120 180 240 300 360 420 
191.82 2245.16 
251.44 2455.90 
289 . 25 2467 . 70 
317.59 2476.34 
340.49 2483.26 
359.84 2489.06 
376 .66 2494.02 
391.62 2498.29 
405.11 2502.22 
417.41 2505 . 67 



104.75 146.58 188.41 2450 . 3 2464.7 2479.0 2493.4 2507.8 2522.2 2543.8 2631.3 2720.5 2811.7 2905.2 3001.0 

104.75 146.58 188.40 230.22 2463.1 2477.7 2492.3 2506.8 2521.3 2543.1 2630.9 2720.2 2811.5 2905.1 3000.9 

104.75 146.58 188.40 230 . 22 272.05 2476.4 2491.1 2505.8 2520.4 2542.4 2630.4 2719.9 2811.4 2904.9 3000.7 

104.75 146.58 188.40 230.22 272.05 313.92 2490.0 2504.8 2519.5 2541.6 2630.0 2719.7 2811. 2 2904.8 3000.6 

104.75 146.58 188.40 230.22 272.05 313.92 2488.8 2503 . 7 2518.6 2540 . 9 2629.6 2719.4 2811.0 2904.6 3000.5 

104.75 146.58 188.40 230.22 272 .04 313.91 355.86 2502.7 2517.7 2540.1 2629.2 2719.1 2810.8 2904.5 3000.4 

104.74 146.58 188.40 230.21 272.04 313.91 355.85 2501.7 2516.8 2539.3 2628.8 2718.9 2810.6 2904.4 3000.3 

104.74 146 .57 188.40 230.21 272.04 313.91 355.85 2500.6 2515.9 2538.6 2628.4 2718.6 2810.4 2904.2 3000.2 

104.74 146.57 188.40 230.21 272.04 313.91 355.85 397.89 2515.0 2537.8 2627.9 2718.3 2810 .2 2904.l 3000.1 

104.74 146.57 188.39 230.21 272.04 313.90 355.85 397.89 2514.0 2537.0 2627.5 2718.1 2810.1 2904.0 3000.0 

15 

1 1.5 2 3 4 5 7 10 15 25 36 50 66 76 100 

18 

25 50 75 100 125 175 225 275 325 375 450 500 560 620 700 800 900 1000 

417.41 2505.67 
467.02 2519.47 
504.59 2529.34 
561.29 2543.54 
604.47 2553.42 
639. 83 2561.1 7 
696.57 2572.33 
761. 75 2583. 30 
843.13 2593.92 
958.99 2602.33 
1052.97 2602.71 
1147.79 2596.50 
1237.28 2584.02 
1286.77 2574.01 
1392.81 2544.22 

104.74 209 . 30 313.90 2506.3 2544.6 2620 . 0 2695.3 2771.5 2848.9 2927 . 8 3048.9 3131.6 3233.2 3337.2 3479.8 3664.5 3856.1 4054.5 

104.74 209.29 313.89 418.94 2540.9 2617.8 2693.8 2770.4 2848.1 2927.1 3048.4 3131.2 3232.9 3336.9 3479 . 6 3664.3 3856 . 0 4054.3 

104.73 209 . 29 313.88 418.93 2537.1 2615.5 2692.3 2769.4 2847.3 2926.5 3047.9 3130.8 3232.5 3336.7 3479.4 3664.1 3855.8 4054.2 

104.73 209 . 27 313.86 418.90 524.80 2610.8 2689.3 2767.2 2845.6 292~. 2 3047.0 3130.1 3231.9 3336.1 3478.9 3663.8 3S55.5 4054.0 



104.72 209.26 313.84 418.87 524.76 2606.0 2686.1 2765.0 2844.0 2923.9 3046.0 3129.3 3231.2 3336.1 3478.5 3663.4 3855.2 4053.7 
104.71 209.24 313.82 418.84 524.72 2601.l 2683.0 2762.7 2842.3 2922.6 3045.1 3128.5 3230.6 3335.0 3478.0 3663.0 3854 . 9 4053.4 
104.70 209.21 313.77 418.78 524.65 2590 . 6 2676 . 5 2758.2 2838.9 2919.9 3043.2 3126.9 3229.2 3333.9 3477.1 3662.3 3854.3 4052.9 
104.67 209.17 313.71 418.70 524.53 740.16 2666.2 2751.2 2833.8 2916.0 3040.3 3124.5 3227.2 3332 . 2 3475.7 3661 . 2 3853.4 4052.1 

104.63 209.09 313.60 418.55 524.35 739.86 2647.9 2739.1 2825.1 2909.2 3035.4 3120.4 3223.9 3329.4 3473.4 3659.3 3851.B 4050.8 
104.56 208.94 313.38 418.26 525.97 739.27 2604.8 2712.9 2806.7 2895 . 4 3025.S 3112.2 3217.2 3323.7 3468.8 3655.6 3848 . 8 4048.2 
104 .47 208.78 313 . 15 417.94 523.57 738.62 962.60 2680.1 2785 .0 2879.5 3014.4 3103.0 3209.7 3317 .5 3463.7 3651.5 3845.4 4045.4 
104.36 208 . 58 312.85 417.54 523.05 737.81 961.27 2630.5 2754.9 2858.2 2999 .8 3091.1 3200.0 3309.4 3457.1 3646.3 3841.0 4041.7 

104.24 208.34 312.50 417 . 09 522.47 736.89 959.78 1201.17 2716.1 2832.1 2982 . 6 3077 .1 3188.7 3300.0 3449.5 3640.2 3836.0 4037.5 

104.17 208.20 312.29 416.80 522.11 736 .32 958.85 1199.46 2688.9 2814.8 2971.4 3068.2 3181.5 3294.0 3444.7 3636.4 3832.9 4034.9 

103.98 207.85 311.79 416.13 521.24 734 . 96 956.67 1195.6 2609.6 2769.4 2943.6 3046.2 3164.0 3279.5 3433.1 3627.2 3825.3 4028.5 


