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Themmalhydsaulic systems analysis and simulation requires the fast and accurate gereration of light water thermodynamic
propertics. An approach sugpested ir the past is the use of simple, non-linear funciions (o give approximations 1o the
propeities. Such functions have been developed and are presented here. The range of usc is from 0.085 MPu to 21.3 MPa, and
irom 90 ° C 10 450 ® C. In the subcooled and superheated regions the error for enthalpy, entropy and specific volume is usually
much less than 1%. This error is based on comparisons to the latest internatioially accepted formulation for the
thermophysical propertiss of steam and water. These simpie analytic functions provide an alternative to the use of linear
interpolation zlgorithms and complex transcendental equailions 1o generate light water therniodynamic propesties. They are
well suited to be made into computer subprogramns. yet they are simple enough to be used with programmable calculators.

1. Iatroduction

Light water thermodynamic properties are needed for thermalhydraulic systems analysis. There are
several methods of calculating the properties, with varying degrees of accuracy and complexity. For the
purposes of system analysis and simulation, it is desirable to have computational functions which are
simple enough to usc only small amounts of computer memory and time, yet accurate enough 1o reproduce
property values with an error of the order of 9.1%. Simple analytic functions are also desirable as thev mayv
easily be differentiated and integrated; continuity of the first derivative of the functions will allow them 1o
be used, for example, in the caiculation of the rate form of the equation of state [1] and in algorithms
involving the Jacobian of a system matrix.

This paper presents approximate functions which will allow rapid calculation of H,O thermodynainic
properties. The concept is based on existing accurate approximations of H,O properties at saturation {2].
The functions presented in this paper extend these saturation functions to subcooled and superheated
conditions.

2. Overview of existing approximation methods

The reference source of data in this paper is the NBS /NRS Steam Tables {3]. Thermodynamic values
listed in the tables are generated from an analytic equation of the form A = f(p, T). where p is the densitv
and 7 the absolute temperature. The function A is referred to as the Helmholiz funcuon Equations for al!
thermodynamic properties are obtained by combinations of appropriate derivatives of A4 in accordance
with the first and second laws of thermodynamics. The formulation in [3) supercedes earlier formulations
and was given provisional acceptance by the International Association for the Properties of Steam (IAPS)
in 1982. Although invaluable as the ultimate method to generate H,O thermodynamic properties, routines
used to evaluate the equations rely heavily on numerical techniques and contain a large number of
constants. The resulr 1s complicated algorithms and slow computauon time.
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An approach which is somewhat simpler and more direct, although no longer as accurate, involves
entering part of the actual data tables into computer memory and using linear interpolation algorithms to
calculate properties. The disadvantages of this are that large amounts of computer memory is used and
that inputting the data is time consuming and error prone.

Development of approximation formulas using the methods of linear and nonlinear regression has been
done in the past. While sunpler and easier for implementation in computer codes than the two methods
described above, there are several undesirable features of this approach. In particular, the best mean
square error fitting does not necessarily give the best fit to the data (local deviaiions can become large). A
more fundamental preblem lies with fitting smooth functions (thermodynamic properties exhibit smooth
behaviour) with polynomials of degree greater than or equal to three, which are osciilatory in nature. Also,
in some cases the polynomials are expressed in a nested form which can make analytic differentiation and
integrztion difficult.

3. Approach based on saturation properties and smooth, non-linear functions

Garland and Hoskins [21 have developed approximation formulas for the following thermodynamic
properties of light water at saturation, as functions of pressure:
(1} specific volume /density;

(2) specific enthalpy;

(3) saturation temperature;
{4) specific entropy;

(5) specific heat.

Since any given property could not be accurately fitted over the eatire pressure range with a single
simple exnression, the pressure range was partitioped into subranges. The slopes of the curves fits are
continuous across the boundaries. The range of use is below one atmosphere 1o just below the cntical point
of water (22.09 MPa).

3.1. Subcooled region

Consider an arbitrary thermodynaric property F = F{P. T) where P is the pressure and T is the
temperature. The first two terms of a Taylor expansion of F in pressure, about the point at saturation
corresponding to the temperature T, are:

F(P,T)=F,(T)+g§ir[P—Ps(T)]. (1)

The subscript [ on the propertv [ indicates saturation in liquid phase. As noted earlier. saturation
formulas {2] are given as funcuons of pressure rather than temperature. Therefore the temperature T in (1)
wiil have 10 be changud to its corresponding pressure. using P, as a function of T. found in Appendix 1.
Thus (1) becomes

oF |

F(P.T) = F(P(T) + 55|

[P-P(T) (2)

In the compressed liquid region. properties are strong functions of temperature but are only weak
functions of pressure (as illustrated in fig. 1. using density as an example). Thus the derivative of the
function with respect to pressure will give a slowly varying, almost constant function.
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Eq. (2) is rearranged to give (3I/9P) |
oFy  F-FK

Py 3

For a given temperature, this derivative is calculated over the entire pressure range (from about 0.07 to 20
MPa) and then averaged. This is done for teinperatures from 30 °C o 350° C. The resulting averages are
fitted with & simple, non-linear function of temperature.

The principal advantage of using eq. (1) is that it gives continuous values for the property as saturation
is approached. This makes it ideal for use in systems designed 10 operate at or close 10 saturation
conditions.

3.2, Superheated region

The approach described above for subcooied thermodvnarmuc properties is inadequate for the super-
heated region, where propertics may vary strongly with both pressure and temperawre. Consider again an
arbitrary thermodynamic property £= F(P. T). The first two terms of a Taylor expansion of F in
temperature, about the point at saturation corresponding to the pressure P. are:

P

dr
F(P. T)=K(P)+ 57| (T-T). (4)
The subscript g on the property F indicate saturation in the gas phase. Since the derivative (dF /3T )|,
will be a sensitive function of both pressure and temperature, let :
arF| <

R(P,T)= aTﬁ,,‘ (3)
By rearranging (4), R{P, T) is evaluated and plotied using a spreadsheet program on a microcomputer.
The issue, then. is to fit R(P, T). The reason for using eq. (4) is that the [irst term. which has been fitted
very accurately, is the dominant term and errors in the fit of R will not be as crucial as they would if the
property was fitted directly, without reference to the value of sawuration.
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3.3. Fitting of R(P, T)

R(P, T)is a function of two variables and thus is difficult to fit. The procedure used is to plot R as a
function of pressure, for several constant temperatures, and observe the set of curves generated. A number
of common and special curves were examined from the literature (4,5} and a set was chosen which closely
tesembles those of R(P, I'). For some of the properties it is only necessary 1o either add or multiply a
simple function of pressure of temperature to R(P, T) in order to force il to resemble a family of curves.
In all cases, the functions chosen to generate R{ P, t) are simple and nonlinear in nature.

3.4. Advantages of this formulation

The formulation presented above allows the user great fiexibility in implementing the approximation
functions. If the pressure and temperature range required are known beforehand, oniy the relevant
saturation functions need bec entered. This enables memory use and computational time 1o be kept to a
minimum. The functions can therefcre be used or programmable calculators. personal computers.
mainframes, for “back of the envelope™ calculations, in spreadsheets and in large simulation codes.

Nonlinear functioral approximation has been utilized before (for example, sce ref. [6]). The present
formulation is unique, however, in the uss of saturation values as the dominant terms in the approximation
expressions. As mentioned previously, this makes the functions useful for systems designed tc operate at or
near saturation. However, the use of saturation values as a *basis’ does not iimit the functions to
near-saturation conditions. The fits are quite accurate even in the far superheated and subcoosled regions.

The slopes are easily determined and are accurate enough (see Section 6) for use in iterative searches,

4. Correlations oi subcooled light water

Thermodynamic properties
The approximation functions for the following thermodynamic properties in subcooled conditions are
presenited here:
(1) density,
(2) specific enthalpy,
(3) specific entropy,
(4) specific heat,
The form of the function is

F(P, T)=F(P(T)) + R(TYHP-P). (6)

The equations for P, as a function of T are listed in Appendix L. The procedure then. for finding a
property F given a pressure P and temperature T, is
(1) find P, from temperature T (Appendix I),
(2) find F(P,) using saturation equations listed.
(3) evaluate equation 1o get F(P, T).
For each property, the range of use is specified. along with a brief summary of the error involved in using
the approximation functions. Plots of the property and of the error are also included. The errors are
percentage errors, defined the usual way as:

Fapprox. - P;ef

F,

ref

x 100,

Percentage crror =
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where
F, is the value of the property calculated using the approximation equations.

APProx
F, is the value of the property calculated using the formulation of ref. [3).

ref
4.1. Density, liquid phase

The functions listed below, when used in conjunction with the formulas for P, as a funciion of T listed
in Appendix I, give approximations to the density of light water in liquid phase, p[m’ /kg]. They are valid
in the range from 91.79-357.03°( and from saturation to 21.5 MPa. Below 12 MPa the error i1s not worse
than 0.1%. Above 12 MPa the error can te as high as 0.5%.

p(P. T) =i PATY) + | 55 ~ 02|(P - ).
where

o= [1.2746977 x 107 P 24643 1 9 001000] ™' for 0.075 MPa < P, < 1.000 MPa:
pe = [1.0476071 » 107 *p236310% 4 0.001022] ™" for 1.000 MPa < P, < 3.880 MFa:
p: = [3.2836717 x 107°P, + 112174735 x 1073} 7" for 3.88C MPa < P, < 8.840 MPa;
P= [3.3551046 X 1074 (58403566 X1077P) 0.00085] "' for 8.840MPa < P, < 14.463 MPz;
pe=[3.1014626 x 10-°p2 %45 + 0.001430] ™ for 14.463 MPa < P, < 18.052 MFa;
pe= [1.5490787 x 107 11P5™% + 0.601605] ~' for 18.052 MPa < P, < 20.204 MPa:
pe = [4.1035988 x 107 2*P}3033% + 0.60189] ' for 20.204 MPa < P, < 21.500 MVa.

4.2. Specific enthalpy, liguid phase

The functions listed below, when used in conjunction with the formulas for P, as a function of T listed
in Appendix I, give approximations to the specific enthalpy of light water in liquid phase. A[kJ /kg]. They
are valid in the range from 91.79-357.03°C and from saturation to 21.7 MPa. The error is below .15%.

169 |
h(P, T)=h(P(T))+ [1.4 =369 = TJ(P - P).
where

.= 912.1779p2- 261637 _ 150.0 for 0.075 MPa < P, < 0.942 MPa;
h,=638.0621 2219 + 1250 for 0.942 MPa < P, < 4.020 MPa:

s = 373.7655P242%3% + 415.0 for 4.020 MPa < P, < 9.964 MPa:
h, = 75.38673P2 5% 1+ 500.0 for 9.964 MPa < P, < 16.673 MPa;

,=0.1150827P2 711412 1 1440.0 for 16.673 MPa < P, < 20.396 MPa;

h, = 91417257 X 10" P78 4+ 17520 for 20.396 MPa < P, < 21,700 MPa.
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4.3. Specific entropy, liquid phase

The functions listed below when used in conjunction with the formulas for P, as a function of T listed
in Appendix 1, give approximations to the specific entropy of light water in liquid phase, s[kJ/kgk]. They
are valid in the range from 89.56-357.03° C and from saturation 10 21.25 MPa. The error is below 0.15%.

s(P, T) =5y (R(T)) + [0000a - 222N 1),

where
5¢ = 3.340244 p0 13597 _ 1 39 for G.065 MPa < P, < 1.666 MPa;
s¢=1.748203 P 27561 1. 0.40 for 1.666 MPa < P, < §.825 MPa;
5;=10.2549238 p2:6381866 4 3 15 for 8.825 MPa < P, < 16.66 MPa;

211532712

5¢=4.3632383 X 107 °( P, — 0.40) +3.50 for 16.660 MPa < P, < 21,250 MPa.

4.4. Specific hear, liguid phase

The functions iisted below, when used in conjunction with ihe formulas for P, as a function of T listed
in Appendix [, give approximations to the constant pressure specific heat of light water in liquid phase,
C,lkJ/kg K). They are valid in the range from 89.96-357.03° C and from saturation. to 20.2 MPa. Below
12 MPa the error is not greater than 0.5%. Above 1z MPa the error can be as high as 2%.

G- T) = Cu( AT + fo0018 - 7};; (P -P),

where
C,; = 0.247763P2*7040% 4 4,150 for 0.030 MPa < P, < 0.671 MPa:
Coe = 0.1795305 P2 %973 + 4.223 for 0.671 MPa < P, < 2.606 MPa:
C,=0.09359843p- 271" 4 4,340 for 2.606 MPa < P, < 6.489 MPa:
C,¢=0.01068888 7177 + 4.740 for 6.489 MPa < P, < 11.009 MPa:
C,r=1.333058 x 1074p} 70739 + 5,480 for 11.009 MPa < P, < 14.946 MPa:
Cyr = 6.635658 X 1073( P, — 10.0)>** +7.350  for 14.946 MPa < P, £ 18.079 MPa:
C,q = 4.6844786 x 107¢ % 7%5755 4+ 10,020 for 18.079 MPa < P, < 29308 MPa.

‘ 21.5

5. Correlations of superheated light water thermodynamic properties

Approximation functions for the following thermodynamic properties in superheated conditions are
presented here:
(1) specific volume,
(2) specific enthalpy,
(3) specific entropy,
(4) specific heat.
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The form for the funcuions 1s ‘
F(P, T)=F(P)y+R(P, T) (T-T,). (N
The equations for T, as a function of P are listed in Appendix IL.

5.1. Specific volume, vapour phase

The functions listed below give approximations to the specific volume of light water iz vapour phase.
v[m®/kg}. They are valid in the range from 0.085 MPa-21.5 MPa, and from saturation 1o 450°C. The
error is less than 1%.

€.000466  [0.12/(7 +100) — 0.00106 P°!

o(P, T)=0,(P)+ (T-T),

P J1.96 x 10~3(T + 8)* — p2
where
v, = [5.126076 2247552 4 0,012} for 0.085 MPa < P < 1.112 MPa:
v, = [4.630832 P 0% + 0.520] " for 1.112 MPa < P < 3.932 MPa:
v, = [2.868721P'521¢ + 3 80G] ' for 3.932 MPa < P < 8.996 MPa:
v, = [0.5497653 P 31182 + 18.111]) 7" for 8.996 MPa < P < 14.62¢ MPa;

v, = [8.5791582 x 1073p>1764% 4 50.000] "' for 14.628 MPa < P < 18.210 MPa:
v, =[3.5587113 x 1076P>%%% + 88.000] "' for 12.210 MPa < P < 20.253 MPa;
v, =[3.558734 x 107"€P"3 %77 + 138.000] "' for 20.253 MPa < P < 21.500 MPa.

5.2. Specific enthalpy, vapour phase

The functions listed below give approximaticns to the specific enthalpy of light water in vapour phase
h[kl/kg]. They are valid in the range from 0.075 MPa-21.55 MPa and from saturation to 450°C. The
error is less than 0.8%.

45P

+ 0-28 e-'0.00B(T— 162y __
v7.4529 x 10~ ¢T3 - p?

W(P.T)=h(P)+ =

—2335(T - T).

where

1572364

—4.0381938 X 107%(3.0 — P) +2750.0 for 0.075 MPa < p < 0.348 MPa:

—0.5767304 e VSIS -3 4 22000 for 0.348 MPa < P < 1.248 MPa:
P—3001,, - =3.001)
—7.835986(300 ="2)"" + 2.934312( 169%R) + 2803.71 for 1.248 MPa < P < 2.955 MPa:

Il

Il

—1.347244( P — 2.999)"" — 2.326913( P — 2.999) + 2803.35 for 2.955 MPa < P < 6.522 MPa:

fl

—0.9219176( P — 9.00)*® — 16.38835( P — 9.00) + 2742.03 for 6.522 MPa < P < 16.497 MPa:

hE
hS
h!
hE
hS
hy= —3.532177( P — 8.00)*° + 29.81305( P — 8.00) + 2 565.00 for 16.497 MPa < p < 20.193 MPa:
hE

= —22.92521( P —18.0)>° + 44.23671( P — 18.0) + 2415.01 for 20.193 MPa < P < 21.550 MPa.
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5.3. Specific entropy, vapour phase

The functions listed below give approximations to the specific entropy of light water in vapour phase
s{kJ /kg K]. They are valid in the range from 0.070 MPa-21.5 MPa. and from saturation to 450°C. The
error is less than 0.75%.

s(P, T)=s,(F)

1.2 ]
J 00042 4 Q00906 _ 4 155 % 16-T + 0.0053 (T — T.),
. -1 5 2 JP $
¥3.025 x 107" (T +46)" — P
where
P
s, = 6.58681 — 0.335924 log P for 0.025 MPa < h < 1.480 MPa:
5,=7.80 — 1.227644 p 02181072 {or 1.480 MPa < P < 8.050 MPa:
5,=6.30 — 0.084638514 po-sositel for 8.050 MPa =< P < 15.640 MPa:

2.012465

5, = 5.50 — 3.6897161 x 1C"*{ P — 7.80) for 15.640 MPa < P < 20.000 MFa:

1.779526

= 5.00 — 0.042830642( F — 18.7) for 20.000 MPa < P < 21.50] MPa.

5.4. Specific heat, vapour phase

The functions listed below give approximations to the specific heat of light water in a vapour phase.
C Ik} /kg K]. They are valld in the range from 0.070 MPa-20.4 MPa. and from saturation to 400 °C. Fhe-
em-s-—leﬁﬂaaé—%. ~ »4/'\‘\-1 Sfessune. :x:cnz ThaToM e | Tha Teoie g ess Tg. TET

wnen Tha oressule Ty 'ess Thaem TQT7O MR Uk 2 vTor s f"::x}\—‘_‘-u, e . — -
0.011F
1.
{0.00014(7 + 8)* - P)

AL NN

-8 = N
C(P.T)=C,(P)~ -+ 15 x 107%(655 - TV |P(T - T,),

where

Cpg = 0.6471635( P — 0.006)° “**" +1.90  for 0.050 MPa < P < 0.599 MPa:
Cpp = 0.5560633P25197% + 2 00 for 0.599 MPa < P < 2.391 MPa:
Cp = 0.3187082 P 11971 42,30 for 2.391 MPa < P < 5.661 MPa:
C,q = 0.064275995P" 7651%¢ + 3.12 for 5.661 MPa < P < 9.458 MPa;
Cpp = 3.8011048 X 10~ PpIRISERT 4 4.40 for 9 458 MPa < P < 12 900 MPa;
Goe = 0.1876175 €237 + 5.00 for 12.900 MPa < P < 16.30S MPa;
C, = 7.620756 **"'72%F +9.20 for 16.309 MPa < P < 18.743 MPa;

Cpg = 6.5162612 ®7¢21¢F 4+ 17.10 for 18.743 MPa = P < 20.400 MPa.
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6. Partial derivatives of approximation functions

A useful advantage of the above approximation functions is the ease with which analytic expressions for
the partial derivatives (P and T are the independent vaiiables) may be obtained. Recalling the expression
for an arbitrary thermodynamic property F'= F(P, T} in the subcooled region,

F(P, T)=F(P(T)) +R(T)-[P - PAT)], (8)
the partial derivatives are
(3),= KD, (9)
dP [dF
(%;) ‘;?[F P(T)] + [E;-R(T)}- (10)

In the superheat region, the thermodynamic property
F(P, T)=F(P)+R(P. T){T-T,(P)] (i1)

has partial derivatives

20) 3885 nce 2
(37) = &(2. Ty + (55 IT- (P, (13)

F .
Appendix I1I lists the partial denivatives for specific volume, enthaipy and entropy.
Figs. 2a and 2b show the average error obtained from using the dedivatives (3F,/3P); and 3F/37),.
where F is density, enthalpy or entropy in the subcooled region. For each abscissa value of P. the ordinate

20. T T 7 - r
.
e i
=1{dp T v
= ) o | Q= {3s,am
| o taeey - A-faosan. A
5 1 5 ﬁ 2= {ah 37 !
= ! * ® o
B j 54 'r
= z = :
o DAL |
o i S -, g 3F
] 1 z e b ! B 1
Z \ z /—"' 2 z - 4

) , e 1

! : : . :
o 5 0 15 20 o 5 "0 15
Pressure P [MPa] Pressure P [MFPa)

Fig. 2a. Average errors for derivatives of subcooled thermodynamic properties. 2b. Average errors for denvatives of subcooled
thermodynamic properties.
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20. 10, T T T
O = (3s/87)
as g:ﬁ:%: - (oo
O- ah/ars)1 gl 37 (h/eNe A ]
15.F
= ® \\\
IS i ‘:‘ 6 F E
€ 5
= < /2
": 10 ] /R l.:
:‘; l / g‘ . 4
H L/ : T M. ’
‘\v—‘/
5.F
2. / J
i ¥
Q. : e \ ] C_l" 1 - " 1
o] 5 10 15 20 Q =] 10 159 20

Pressure P {MPa] Pressure P {MPa]

Fig. 3a. Average crrors {or derivauves of supcerheated thermodynamic properties. 3b. Average errors for derivatives of superheated
thermodynamic properties.

value 15 obtained by averaging the percentage error over the temperature range (from saturation o 90°C)
for that pressure,

The derivative (0h/3P); is a strong {unction of temperature and for pressures above 5 MPa becomes
zero for certain temperatures. Close to the zero points the relative error is high. The high errors are not
physically meaningful, however, and are not included in the average error calculations.

Figs. 3a and 3b display the average errors obtained from using the derivatives (3F /9P ), and (8F /3T ),
in the superheated vapour phase. We note that the average errors for (35/6F), are anomalously high. The
reason for this is as follows: Enthalpy, in the superheat phase. i1s not a strong function of pressure. Fig. 4
illustrates this. The derivative (dh/3P); is plotted over the pressure range for a sample temperature

40, T T T

O = Ditference -
0.k 2= —{8h/AP) Vs ]

23.[— / 4

Wi, kg MPc

10.+ _
—— ?
/ -
-
0. g ! d .
o 5 10 15 20 Fig. 4. Slope (dh/9p ) as function of pressure for T=400°C,

Pressure P [MPa] and difference between slope and approximation.
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(400° C), and one can see that a typical value (20 kJ /kg MPa) is very small in comparison to enthalpy
itself (~ 2600 kJ /kg). Even though the absolute error in the enthalpy is small, minor derivatives in the
local shape of the fitted enthalpy function dominate the calculated slope because the nominal value of the
slope is near zero. Hzad the slope been steeper, the local function shape would have not contributed
significantly to the overall error in the slope.

The problem is particularly severe at low pressures where the saturation enthalpy varies strongly with
pressure while the superheated enthaipy does not. For a given pressure and temperature (£, T'), applying a
pressure adjustment factor

P—P+0.13[P(T) - P]

helps remedy the problem (0 some extent. The adjustment amounts to using the derivative value at 2
pressure isothermally closer to saturation; it can be applied to the entire pressure range even though it is
mean for low pressures.

The above discussion has illustrated one disadvantage ¢f the approximation method presented in this
paper. In the far superheat region tradiiional methods of approximation may be more appropriaie if
accurate values of the slope are of great importance. We point out, however, that continuity of the
derivatives as saturation is approached will in some numerical work outweigh the importance of having
kighly accurate approximations 10 the derivative values. This may especially be true in the case of
superheated enthalpy, where the denvative (842/0F}+ is very small in comparison 1o A(P, 7).

While analytic expressions for the derivatives are relatively easy to obtain, the following thermodynamic
relationships may be used to further reduce the amount of computation required:

( oh
(#7),= ()
aS Cp

8y S 15
(aT)p (7 +273.15) (15}
sy _ 2%
(ap)r_” (aT)Pmoo. (16}

Eguations (14) and (15) will also give more accurate values for the derivatives (accurate 10 the tolerance of
constant pressure specific heat) when compared to the full expressions from the approximation function.
However, when the derivatives are required in a searching algorithm (finding pressure for a given entropy
and temperature, for example) the full expressions may yield more consisiant results.

Finally, one should note that the approximation functions and derivatives presented in this paper mav
be used to approximate some commonly used thermodynamic and transport properties. such as the speed
of sound, w:

& 1 (17)
w = —————— e — |
(T+273.15) 4]
where
C 2
T T
P /r (T+273.15) p*\3T /s
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7. Summary

The functions presented in this paper allow rapid calculation of the thermodynamic properties of light
water. They cover a pressure range from below one atmosphere to 21.30 MPa, and temperature range from
90° C to 450 ° C. They are accurate enough for the purpose of thermalhydraulic systerms analysis. It should
be noted that internal energy, u, can be calculated using the correlations for specific volume and specific
enthalpy via the equation ¥ =h — Pr.

These fits, coded as FORTRAN functions on an IBM-PC 51" floppy diskette, can be obtained by
corresponding with Dr. Wm.J. Garland, Department of Engineering Physics, McMaster University, 1280
Main St. W., Hamiiton, Ontaro, L85 4M1.
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Appendix 5. Saturation pressure as a function of teinperatue

The correlations given below are for saturation pressure, PfMPa). The temperature range for which
they may be used is 89.965°C to 373.253° C, with an error of not worse than 0.02%.

[ 15.602972
P= -(—27;—%1'—? for 89.965°C < T<139.781°C,
I 4.778504 ;
P = %32;8—-3] for 139.781°C < T < 203.662°C,
: 5 ) 14304376 Ter mamdma o
p=|{fr:0) for 203.662° C < T < 295.407° C. LT TeTETeal A
s | 185.0779 fra92 Soe vod 2
[ 4.460843 J PO s
P,= (—17;%11—86%] for 299 407°C < T < 355 636°C,
[ 4.960785 '
P= L%’“%;ll for 355.563°C < T < 373.253°C. .i
_

Appendix II. Saturation lemperature as a function of pressure

The correlations given below are for saturation temperature, T,{° C}. The pressure range for which may
be used is 0.070 MPa 1o 21.85 MPa with an error of not worse then 0.02%.

T,=236.2315P%1™4%7 _ 570 for 0.070 MPa < P < 0.359 MPa,
T, = 207.9248p0-377% _ 28 0 for 0.359 MPa < P < 1.676 MPa,
7, = 185.0779p%B N7 _ 50 for 1.676 MPa < £ < 8.511 MPa,
T, =195.1819p%247 _ 16.00 for 8.511 MPa < P < 17.690 MPa,
T, = 227.2963p%2%1 _ 500  for 17.690 MPa < P < 21 850 MPa.
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Appendix III. Partial derivatives

The partial derivatives of specific volume are:
( wy [ 170
2P | _L:ws -T
) du, [0.000466 -(0.12/(7 + 100) — 0.00106) P°" | AT,
T

dp | ° V1.96 x 107%(T + 8)* — P? dp

-t
— 0.2} (subcooled),

[:9.000466 _(0.12/(T + 100) — 0.00106)0.1P~%%
| & V196 X 10-4(T + 8)* — p*

_ (0.22/(T +100) —0.00106) P !
(1.96 x 16-4(T + 8)* — P2)"*

+

(T-T.(P)) (superheat),

a0y [ 17 dP,[do, 170
(3T)P_[(375-T)‘][P a(r)]+dT[dP H0.2 — zz—— | 1 (subcooled).
fﬁ) _ 0.000466 —(0.12/(T + 100) — 0.001G6) P*!
\oz/» P J1.96 x 10-4(T + 8)*— P2
12/(T +100)] P 1
+[1- (]| AL 10

V1.96 x 10-%(T+8)* - P2

. 0.12/(T+100) - 0.00106) P *'3.92x 107%(T + 8)’

(superheat).
(1.96 x 107%(T + 8)* — P2)"*
The partial derivatives for specific enthalpy are:
oh 169
( 2P ) = 1.4 69— T {subcooled),
(3) 28 [ 40 g commr 100, 5, ] 4T
PJr dP | /7459 %10°T° — p? T dp
4.5 4‘.5P2
+[T—T;(P)][ + 15] (superheat).
| V7.4529x 10763 — P2 (7.4529 x 10T - p2)'7 |
ok — 169 dP | dh, 169
ta—,r)r—[m [P—PS(T)]'F a7l dp +3—6—9Tj—_—'1.4] {subcooled).
(ﬂ) = 4.5p — + (.28 ¢~ 0008T TSy 100, 2.225
3T /e /74529 x10-°T° - P? r

_ -5 2
+[ 50307 X W0 T*PT? (oo ooomr—en , 100

T—T,(P)| (superheat).
(7.4529 x 107> — p2)'* | I (sup
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The partial derivatives for specific entropy are

3s 0.325
( ap ) o 0.0004 — IT0-T {subcooled),
d 1.2 3 T
(%) _ d_‘;t: _ 0.0047 + 900005 _ 4135 % 1075 % T + 0.005% | 3
7 J3.025 x 109 (T + 46 —p* VP dp
0.0048P°%2
+[T-T(2)] -
/3.025 x 10-1(T + 46)° — F?
0.004p21 25%107°
+ - T = (superhzat),
[3.025 x 10-1(T + 46)° - P?| P
sy | -0.325 . dP [dsr 0.325 / \
(a )P_ m [p Ps(T)I + T d’i+ 30— T 0.0004] {subcooled},
: P
. 1.2 -5
(g_; _ 0.004P 4 30X1077 a5 x10-T
7P 3025 % 1071(T + 46)" - P? vF

) —0.3025 x 10~ 13pi2 4
+0.0053+[T-—7;\P)]| 03 07 PPHT + 46)

—4.125x107%( (superheat).
 [3.025 3071 (7 + 46)° - p2]"*
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The knowledge of accurate phvsical properties of water is fundamental for the analysis of thermalhvdraulic svstems and

the design of a hioad range of equipment in many diverse fields. Whilst formulations do exist for the accurate calculation of
these properties they often prove too slow for many engineering and technological applications. The rapid generation of
these properties wittout relinquishing accuracy has been the purpose of previcus work. This paper presents extznsions to

the range of validity of the functions developed in the earlier work.

The low pressure rang= for the saturation progerties has been extended dowaward from approximately 0.08 MPa and
90°C. Also some modifications were made to allow all functions to have a consistent upper pressure fimit of 21.5 MP2. This
now gives a usefut range from 0.002 MPa (0 21.5 MPa and 12°C to 450°C. '

The accuracy of these functions has been evaluated by calculating the deviation from the latest interna:ionally accepted
formulations for the thermopaysical properties of steam and water. Namely the International Association for the Properties
of Water formulation for the Thermodynamic Properties of Ordinary Water Substance for Scientific and General Use. 1984,

The deviations from these formulations are very small usaatly miuch less than 0.2 percent in the valid pressure and
temperature range. Only near the critical pressure do these deviations exceed this but in no case does the deviation exceed

0.6 percent.

1. Introduction

The simple approximations for the rapid calculation
of the thermophysical propertics of water recenty pro-
posed by Garland & Hcskins (1988) {1] for the saw-
rated region and Gariand & Hand (1989) [2] for the
subcooled and superheated regions are paining ap-
proval from a variety of users both for their speed and
simpiicity. These formulations are especially conve-
nient when the rate form of the equation of state is
used in simulation codes (Garland & Sollvchin, 1987)
{3]. They arc valid for pressures trom about (.08 to 21.5
MPa and for temperatures from 90 to 450°C.

Correspondence to: Robert J. Wilson. EACS - Engineering &
Computing Services, 82 Rayne Avenue. Oakville. Ontario.
L6H 1C2, Canada.

However. in many engineering applications. such as
flow in turbines. condensers. low pressure regencrative
heat exchangers. turbine vapour separators. rcheaters
etc., pressures beiow 0.08 MPa are guite common, New
approximations have been developed using the same
methodology for pressurcs down to 0.002 MPa tor
saturated conditions for those functions which are sim-
ple functions of pressure.

In addition a simple approximation lor saturated
pressure as a function of temperature down 1o 18°C
has also been developed.

With these extensions the formulations now cover
the range 0.002 to 21.5 MPa and !8 to 450°C. In all
cases the eificacy of these functions is evaluated by
calculating the deviation from the formulations ac-
cepted by the Internaiional Association for the Proper-
ties of Water in 1984 (IAPS-84) [4].

Tt should be noted that the IAPS-84 accepted for-
mulations supersede all earlier previously approved

0029-5493 /92 /305.00 © 1992 — Elsevier Sciencc Publishers B.V. All rights reserved
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formulations, inctuding the Keenan, Keyes, Hill and
Moeore; the Poilak; and the 1968 IFC Formuiation for
Scientific, Technical, and Engincering use.

2. Existing methods

The IAPS approved formulations for the evaluation
of water properties for scientific use is clearly the best
available in termas of accuracy and they have been
extensively tested against experimental data. They are
also international in scope because the IAPS has been
actively involved in testing and validating the formula-
tions and in critically reviewing them. However they do
result i cumbersome computer codes which are slow
in operation.

‘In order to improve computation times a variety of
simpler and more direct techniques have been tried in
the past. The use of precalculated tables of propeity
data, for example, can result in increases 1n speed but
the use of linear interpolation algorithms often negate
this. Alsc accuracy is sacrificed and a large amount of
computer Inemnory is rsguired.

3. The correlation of the properties

The approach taken to correlating the thermody-
namic properties consists of two parts. First the devia-
tions of the saturated propcrties from the reference
data are minimized by dividing the pressure range into
several regions.

Second functions for each pressure range are then
fitted to the data using the method of least squares.
This requires minimising the sum of the squares of the
deviations from the reference data as follows.

If we represent a set of data points by the relation-
ship v =f(x) then the deviations from the reference
data are:

D=f(x;) - ¥,

and the sum of the squares of the deviauons.

S=YLD}= T [f(x)-»T

i=1 iml

The function y = f(x) is a linear function while the
thermodynamic properties are usually best represented
by non-linear functions of forms similar to v = ax® or
y = ae®*. Reference {1] shows how the reference data
data was altered to transform these functions into
linear forms. In addition all the functions are required

to exhibit a continuous derivative across the entire
range of pressure.

4. Extensions to the ranges

New approximations were developed according to
the methodology outlined above {or pressure down to
0.002 MPa for the following properties; saturated tem-
perature, density of saturated liquid, specifiz volume ot
saturatcd vapnur, specific enthalpy and specific en-
tropy of saturated iiquid and saturated vapour.

No new techniques were employed to extend the
ranges of the original functions althougk some minor
modifications were tnade to them in order 1o maintain
continuity with the new ones and 1o keep deviations as
low as possible. The extended low piessure ranges
were tested against the [APS-84 approved foimula-
tions by the co-authors Garland & Wilson with com-
puter code from the NBS/NRC [6] and asainst the
IAPS-84 approved formuiation {4] coded at the Na-
tionaj Research Institute for Machine Design, Czecho-
stovakia by co-authors Bartak, Cizek, Stastny and Zen-
trich,

5. Modifications

In addition to the extensions the upper pressurc
ranges of each of the saturated functions has been
ecxamined and in the interests of consistency each one
terminated ar 21.5 MPa. Appendix [ contains the com-
nlete set of functions in tabular form and the ranges
for which they are valid. Various users have brought 1o
the author's attention a number of minor errors in the
formulations. These are identified and corrected in
Appendix L.

6. Evaluation of accuracy

Figure | shows the percentage deviation from the
reference data for Saturation Pressure as a function of
temperature for the saturation temperature range 1R
to 373°C. It may te scen that the absolnte deviation
generally is less than 0.05 percent. Oaly b2low about
80°C does the deviation exceed this by a significant
amount. Even so the maximum deviation of this func-
tion only reaches its maximum of —0.1836 percent at a
temperature of 47.5°C.

Figure 2 shows the percentage deviation from the
reference data for Sawuration Temperature as a func-
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Fig. 1. Deviation in the saturation pressure for the tempera-
wre range 18-373°C.

tion of pressure for the saturation pressure ranze 0.002
to 21.5 MPa Here the absolute deviation is well below
0.02 percent for most of the range and only exceeds
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Fig. 2. Dewviation in saturation temperature for the pressure
range 0.002-21.5 MPa.
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Fig. 3. Deviation of saturation properies for the pressure
range 0.002-21.5 MPa.

0.02 percent when the pressure is ‘ess than 0.07 MPa.
It reaches its maximum of 0.1314 percent at the mini-
mum low pressure of 0.002 MPa.

Figures 3 and 4 show the perceniage deviation of
the saturation properties for the liquid phase and
vapour phasc respectively,

For the liquid plhase over most of the pressure
range the absolute deviations are well below 0.10 per-
cent. The maximum deviations are seen at the extreme
low end and at the extreme high end of the pressure
range. Only at 21.20 MFa and 0.002 MPa for specific
entropy do the absolute deviaiions exceed 0.20 percent.
Nonetheless tie deviations of 0.56 percent at 0.002
MFa and 0.5921 percent at 21.40 MPa still provide
useful estimates for entropy.

For the vapour phase the absolute deviations are all
less than 0.20 percent when the saturation pressure is
less than 21.0 MPa. Only the density and volume
functions show absolute deviations greater than 0.20

Tavle |
Statistics for the pescentage deviations from [APS-84
Property Stancard Root Maximum

deviation mean

square

Liquid densitv p, 0.04 0.04 0.18 @ 20.202 MPa
Vapour density p, 0.10 0.10 036 @ 21.202 MPa
Liquid enthalpy k, 0.03 0.03 017 @ 0.002 MPa
Vapor enthalpy A, 0.03 0.03 0.11 @ 16.4 MPa
Liquid entropy s, 0.08 0.08 -05%9@ 21.4 MPa
Vapour ertropy 5g 0.03 0.03 . 008 @ 1.4 MPa
Liquid specific heat <., 0.14 0.14 —-0.46 @ 0.6 MPa
Vapour specific heat CD' 0.12 0.12 —-0.60 @ 21.5 MPa
Sawuration pressure £, , 6.05 0.07 -0.18 @ 475°C
Saturation temperature T, 0.02 0.02 0.13 @ 0.002 MPa
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Fig. 4. Deviation of saruration properties for the pressure
range 0.002-21.5 MPa,

percent when the pressure is greater than abou: 21.20
MPa. This is dee to increasing the useful pressure
range to 21.5 MPa. The result is increases in maximum
deviation to —0.3624,

7. Discussion

A complete listing of all the modified funtions is
contained in Table 1 along with the maximum percent-
apge deviation from the reference data.

Based on the foregoing results it is clear that the
absolute deviations of the functions become notably
larger than average only for the pressure dependant
functions at the extremes of the pressure ranges. Even
50 inspection of the maximum deviations from IAPS5-84
in table 1| reveals that these are not excessive and that
useful estimates can still be obtained.

In the case of the temperature dependant satura-
tion pressure function the estimates are remain re-
markably accurate over the entire 138 o 373°C range
despite the maximum deviation of —0.1836 percent.

8. Conclusion

The simple formulations presented here permit
rapid calculation of the thermodynamic properties of
water with an accuracies that are more than adequate
for a broad variety of engincenng and technological
tasks.

Table A-1
Saturation pressure as a funciion of temperature

Saturation pressure P, (MPa) for 18 to 373°C

[(T+a)]
PAT) l 5 ]
Temperature range a2 b <
cC
17511V < T < 56.275 99.2  270.1210  7.4063650
56.275 ' < T < 90.880 8.2 2546831  6.4058216
90880 < T <139.781 3570 2362315  5.6029720
139.781 = T < 203.662 280 2079248 47785040
203.662 < T £ 299.407 5.0  185.0779 43043750
299.407 % « T < 355.636 160 195.1819  4.4608420
355.563 < T < * 373.000 500 2272963 49607850

New functions
Modified pressure range
Cotrected from < in ref. (2]

T
3
4 Modified from 373.253 in ref. [2]

The saturation properties now cover the pressure
range 0.002 to 21.5 MPa and a temperature range 18 to
373°C. Work on extending the subcooled and super-
heated properties (0 cover the same ranges is continu-
ing,
The formulations have been coded in FORTRAN
and are available on a 3-1/4 inch MS-DOS diskette by
contacting Dr. Wm. J. Garland, Depariment of Engi-
neering Physics. McMaster University. 1280 Main St
West, Hamilton. Ontario. [.85 4ML.

Table A-2
Saturation temperatwre as a function of presscre

Saturation temperature 7, (*C}for 0.002 to 21.5 MPa
TA{PY=aP?® +¢

Pressure range (MPa} u b c
1000200 < P < 0.01672  270.1210  0.135019 992
'0.01672 < P < 0.07250 254.6831  0.156108 -7R?

007250 < P < 035900 236.2315  0.1784767 -37.0
*1.35900 < P < 1.67500 207.9248  0.2092705 -28.0
1.67600 < P < 8.51100 185.0779 0.2323217 -5.0
851100 < P < 17.69000 195.1819 0.2241729 -16.0
17.69000 < P < 21.500 2277963 0.2015810 - 50.0

! New function
> Modified pressure Tange
3 Corrected from < in reis. [1] and (2).
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Specific density of the liquid phase at saturation
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Specific density, g, (kg/m*) for 0.002 to 21.5 MPa and T, to 450°C where:

pl PY=[aP’ +c]™!

Pressure range (MPa) a b <
0.002' < P < 001468 1911810~ 0.546472 0.0009947
001468 ' < P <0275 1.380934x 10~ 0.388715 0.000987
0275 2< P <1.000 1.2746977 < 10™* 0.4644339 000100000000
1000 < P < 3.880 10476071 x 1074 0.5651090 0.00102200000
1880 < P <8840 1.2836717x10°% 1.0000000 0.00112174735
2840 < P < 14.463 See Note 1 See Note 1 See Note 1
11463 < P < 18.052 3.1014626 % 102 3.2847540 000143000000
18,052 < P < 20204 1.5490767 x 10~ ! 5.7205000 0.00160500000
200204 < P < 21.500 4,1035988 x 10~ 15.0332900 . 0.0018900000
! New function
2 Modified pressure range. .
Note - a{PY={3.3551046x 10~ 58403366 x 1077F, 4 (,00085]~ 1
Table A-4
Specific enthalpy for the liquid phase at saturation
Specific enthalpy, k| (ki /kg) for 0.002 to 21.5 MPa and T, 10 450°C where: -
h(PY=aPt+c
Pressure range (MPa} a b c _
10.0020 < P <0.0172 1128.7770 0.1351950 —-4i3.72
100173 < P<0.1028 1050.7085 0.1617970 — 306.50
10.1028 * < P £ 0.9420 912.1719 0.2061637 - 150.00
0.9420 < P < 4 0200 638.0621 0.2963192 125.00
4.0200 < F <9964 373.7665 0.4235532 $15.00
9964 < P < 16.673 75.38673 0.8282384 900.00
16.673 < P < 20.39% 0.1150827 2711412 1440.00
20.396 < P * < 21.500 9 1417257 x 107" 11.47287 1752.00
! New function -
> Modified pressure range
Y Corrected from < in ref. [2]
* Correcied from 21.7 in ref. [2]
Table A-5
Specific entropy of the liquid phase at saturation
Specific entropy. 3, (kJ /kg K} for 0.002 10 21.53 MPa and T 10 450°C waere:
s{P)=alP, + b)Y +d
Pressure range (! {Pa) a b c d
L 0.0020 < P < 0.0812 4.5397663 0.0 0.0829772 - 234y
1 0.0812 < P < 1.6660 3.340214 0.0 0125474 - 1.260
1.6660 < P < 8.8250 1.748203 0.0 0.2275611 0,400
8.8250 < P < 16.6600 0.2549238 0.0 0.6381866 2.250
166600 < P ¥ < 21.5000 43632383 % 10 73 —0.04 3153273 1500

New function
Modified pressure range
Corrected from < in ref. [3)
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Table A-6
Specific heat of the liquid phase at saturation

Specific heat, C; (&I /kg K) for 0.03 to 21.5 MPa and T, to 450°C where:
Co{Py=alF,— b)Y +d

Pressurc range (MPa} a b c d
0,002 < P <1.030 18.10909 0.01240 20 4.1779
0.030 < P <0671 0.247763 0.0 0.5704026 4.150
0.67i < P < 2.606 0.1795305 0.0 0.8967323 4223
2606 < P < 6.489 0.09359843 0.0 1.239114 4.340
6489 < P <11.0{° 0.01068888 0.G 2.113760 4.740
11009 < P < 14.946 1333058 x 1074 co 3.707294 5.480
14946 < P < 18.079 6.635658x 1073 -10.0 3.223323 7.350
15079 < P 2130 See Note 1 See Note 1 Sec Note 1 See Note 1
203 < P <21.0 See Note 2 See Note 2 See Note 2 Sze Note 2
210<P<21.50 See Note 3 See Note 3 See Note 3 See Note 3

Note I: C, (P)=4.6844786 105 ¢®73%875%, + 10,020
Note 22 C, (P)= 23434679 % 10~ exp 1.64194406 P +18.770
Note 3: Cp( P)= 38485636.1747— 7311152.45563 P + 520882.9814112 P? §J6494.9064728 P* + 195.89852097777°.

- (NS this covaelon .o nat
Table A7 arn s Coda Vet s on, 3,03)
Specific volume for the vapour phase at saturation

Specific volume, v, (m1® /kg) for 0.002 to 21.5 MFa and T, to 450°C where:
vPy={aPb+c}™!

Pressure range (MPa) a b c
c002 i< P<02139 5.0981616 0.936226 - 0.00025
02139 2 < 3P < 11120 5.126076 0.9475862 0.012
L12< P <3932 4.630832 1.038819 0.520
3932 < P <899 2.868721 1.252148 3.500
8.996 < P < 14.628 0.5497653 1.831182 18.111
14628 < P < 18.210 5791582 1077 3.176484 50.000
18.210 < P < 20.253 3.5587113x10°° 5.660939 38.000
30253 < P <21.5 3.558734x 10 1® 13.03774 138.000

New function
Maodified pressure range

1
)
* Corrected from < in ref. (2]
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Table A-8
Specific enthalpy of the vapour phase at saturation
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Specific enthalpy, &, (] /kg) for 0.002 1o 21.5 MPa and T, to 450°C where:
hiP)=alP+ bV +c(P+b)+d

Pressure range (MPa) a b

c d

0002 "' < P <0.1379 See Note | Sec Note 1 Sec Note | See Note |
013792 < 37 <0348 See Note 2 See Note 2 See Note 2 See Note 2
0348 < P <1.248 See Note 3 See Note 3 See Note 3 See Note 3
1.248 < P < 2955 -- 7835986 —3.001 —2.934312 280371
2955 P 263522 ~1.347244 -2.099 -2.326913 2803.35
6522 < P < 16497 -0.9219176 -90 —15.38815 27112.03

16.497 < P < 40.193 —-3.532177 -8.0 23.81305 2565.00

20193 P <2151 - 2292521 —18.0 44.23671 241501

! New function

2 Modified pressure range

3 Corrected from < in ref. [2]

4 Modified from 21.550 iu ref. {2]

Note I: b (P)= 529.44008 P* %552 + 2263.5

Note 2: k(P)= —4.0381938 X 10 ~4(3.0~ P)!5753% - 23500

Note 3: h (P}=—0.5767304¢" LEI3XFP-3.2) 4 28(0.0

Table A-9

Specific entropy of the vapour phase at saturation

Specific eatropy, 5, (kI kg K) for 0.002 to 21.5 MPa and T, to 450°C where:

s(Py=alP+b)+d

Pressure range (MPa) a b c d
0.002 ' = # <0.0916 16.644659 0 -0.0192733 -10.029
00516 2 < P < 31480 See Note 1 See Note 1 See Note ! 2e Note |
1.480 < P < 5.050 1.227544 0 0.2481072 7.80
8050 < P < 15.640 —0.084638514 0 0.9082161 6.30

15.640 < P < 2000 - 36897161 x 10~ -7.80 2.012466 5.50

20,000 < *P < 21.50 - 0042830642 - 187 1.779526 5.0

New function

Modified pressure range

Corrected from < ir ref. [2)
Corrected from < in ref. {2].

Note I: s‘(P) = 658681 —0.335924 log P

1
2
3
4
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Table A-10
Specific heat for the vapour phase at saturation

Specific heat, vapour phase, C, (k.l/kg K} for 0.05 to 20.4 MPa and 7, to 450°C where:
C, (P)-— a(P+b)+d

Pressure ranze (MPa) a b ¢ d

0.002 < P < 0.050 See Note | See Note | See Note | See Note

0.050 < P = 0599 0.6471635 - 0.006 0.6400569 1.90

0.599 < 1P < 32391 0.5560633 0 0.8197355 2.00

2.391 < 2P < 35661 0.3187082 0 1.110271 .30

5.661 < 2P < 39458 0.064275395 0 1.76610¢ 3.12

9.458 < 2P < 12.900 38011048 1073 1] 21.816897 4.40
12.600 < P < 16.309 See Ncte 2 See Note 2 See Note 2 See Note 2
16309 < P 5 *18.743 See Note 3 See Note 3 See Note 3 See Note 3
18.743 < IP < 20.400 Sec Note 4 See Note 4 See Note 4 See Note 4
20,400 < P £ 21.500 S=e Note 5 Sce Note 5 See Note 5 Sze Mote 5

! Corrected from 0.070 in ref. [2)

2 Corrected from < in ref. [2)

* Corrected from < in ref. [2]

Note I: C = 8720218136 +5.191251 76458 P — 136.166377842 P2 + 2364 55677P* — 16088

Note 2: C (P) = (,1876175 e0.2308925F _ 5 o0

Note 3: c (P) = 7.6207560) e? 411789 _ g 20

Note 4: €, lP:— 65162612 2T562L8F 710

Note 3: C (P) = 12692166.64211 — 2459483.262925 F + 178557.414749P2 — 5768.512569602 23 + 69.854295635476 P+
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LIGHT WATER APPROXIMATIONS -
ERRATA

" Approximate Functions for the Fast Calculafion of Light-Water Properties At
Saturation",

by Wm. J. Garland and J. D. Hoskins,
International Journal of Multiphase Flow, Vol. 14, #3, pp 333-348, May-June/1988

1. p.346, under the heading "Dynamic viscosity, liquid phase at saturation”: The units given
"[10°-6) kg/(m.s)]" could also be read as: [MPa.s]

2. p.346, "Visc(l) = 64.0-0.00261596*exp(0.4010038)*P" (last equaiion of the section) should read
Visc(l) = 64.0-0.06261596*exp(0.4010038 *P)

3. p.346, the equation for Visc(l) in: the range of 18.868 MPa <=P < 20.430 MPa (second last
equation of the section) has 2 maximum error of 0.50% in this range.

"Simple Functions for the Fast Approximation of Light Water Thermodynamic
Properties",

by W. J. Garland and B. J. Hand,
Nuclear Engineering and Design, Voi 113, pp 21-34, 1989.

1. p-26, sec 4.4, the last equation of the section has a range given as:
“18.079 MPa <= P(s) <= 20.300 MPa"; this should read
"18.079 MPa < P(s) <= 21.500 MPa"; (note TWO changes)
however, the computer codes that bave been released set the pressure to 18 MPa if the given
pressure is higher than 18 MPa. Thus the value that will be retumned will be erroneous. In addition,
the ranges given shouid be:
“0.030 MPa < P(s) <= 0.671 MPa"
"0.671 MPa < P(s) <= 2.606 MPa"
"2.606 MPa < P(s) <= 6.489 MPa"
"6.489 MPa < P(s) <= 11.009 MPa"
"11.009 MPa < P(s) <= 14.946 MPa"
“14.946 MPa < P(s) <= 18.079 MPa"
"18.079 MPa < P(s) <= 21.500 MPa"

2. p.27, sec 5.2 the equation for WP, T) is given. The denominator of one of the fractions reads:
"SQRT(7.4529x10°(-0.6)*T~(3) - P(2))"; this should read
"SQRT(7.4529x10°(-6)*T~(3) - PA2)"

3. p.27, sec 5.2 the third range equation,
"h(g)=-7.835986(3.001-PY(2.0) + 2.934312(3.001-P) + 2803.71" should read
"h(g)=-7.835986(P-3.001)™2.0) - 2.934312(P-3.001) + 2803.71" (for the sake of consistency)

4. p.27, sec 5.2 the second last equation,

lof3 15/09/97 11
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"h(g)=-3.532177(P-8.00)"(2.0) + 29.81305(P-8.00) + 2.565.00" should read
"h(g)=3.532177(P-8.00)"(2.0) + 29.81305(P-8.00) + 2565.00"

. p-28, sec 5.3, the first range given reads:

"for 0.025 MPa <= p <= 1.480 MPa;" but should read:
“for 0.025 MPa <= P <=1 480 MPa;"

p-28, sec 5.4, the passage that reads

"They are valid in the range from 0.070 MPa - 20.4 MPa, and from saturation to 400 C. The error
is less than 5%." should read:

“The equations given are valid in the range from 0.050 MPa - 20.4 MPa, and from saturation tc
400 C. When the pressure is above 0.070 MPa, the error is less than 5%; when the pressure is less
than 0.070 MPa, the error is slightly higher than 5%."

. p-29, equation 12 reads "(dF/dP) (T const) + (dF(g)/dP) ..."

but sheuld read "(dF/dP) (T const) = (dF(g)/dP) ..."

p.29, equation 13 has the final term
"(dR/dT) (T const) * {T-T(P}]" but should read
"(dR/dT} (P consi) * [T-T(P)}"

p-32, Appendix I, the equations given have been updated in the third paper (Garland et al} and the
user should note the corrections below.

p.33 Appendix II1, the subcooled equations given under the specific volume section are actually
equations for density (the inverse of specific volume). The superheated equations are correct as
stated.

p.33 Appendix 111, the superheated (dv/dP)T equation has, in its final term,
“(0.12/(T+100)-0.00106)P"(-1.1)" in the numerator; this should read
“(0.12/(T+100)-0.00106)P~(1.1)"

p.33 Appendix II1, the superheated (dv/dT)P equation has, in the first part of its second term,
"(0.12/(T+100))P(-0.1)" in the numerator; this should read
"(0.12/(T+100)"2)P~(0.1)" Note there are TWO changes given here.

p-33 Appendix III, the superheated (dv/dT)P equation has, in the second part of its second term,
“(0.12/(T+100)-0.00106)P~(-0.1)" in the numerator; this should read
"(0.12/(T+100)-0.00106)P(0.1)"

p.33 Appendix III, the superheated (dh/dP)T equation has, in its second term,
"0.28exp(-0.008(T-162))*(-100/T)"; this should read
"0.28exp(-0.002(T-162))-100/T"

p-33 Appendix TiI, the superheated (dh/dT)P equation has, in its second term,
"0.28exp(-0.008(T-1762))"; this should read

"0.28exp(-0.008(T-162))"

p-34 Appendix III, the superheated (ds/dP)T equation has, in its second term,
"[....-4.125x10°(-6) - T + 0.0052]"; this should read

15/09/97 1



" - 4.125%107N-6)*T + 0.0053]" (note there are TWO corrections)

17. p.34 Appendix III, the subcooled (ds/dT)P equation has, in its second term,
*dP/dT* (dS/dT + 0.325/(370-T) - 0.004)"; this should read
"dP/dT* (dS/dP + 0.325/(370-T) - 0.004)".

"Extensions to the Approximation Functiens for the Fast Calculation of Saturated
Water Properties”,

by Wm. J. Garland, R. J. Wilson, J. Bartak, J. Cizek, M. Stasny and I. Zentrich,
Nuclear Engineering and Design, # 136, pp 381-388, 1992.

1. p.384, Table A-1, Saturation pressure is given as a function of temperature. The ranges should be
corrected as follows:
"17.511 <= T <=56.275" should be "17.511 <=T < 56.275";
"203.652 <= T < 299.407" should be "203.662 <=T <= 299.407";
"299.407 <= T < 355.636" should be "299.407 < T < 355.636"
to make them consistent with the computer code.

2. p.386, Note 3 of Table A-6, the equation reads
"C(P)=38485636.1747-7311152.45563P+-520882.9814112P(2)+16494.9064728P~(3)+195.89852
but should read
"C(P)=384¢5636.1747-7311152.45563P+520882.9814112P~(2)-16494.9064728P(3)+195.89852!
Note atso that these equations have NOT been implemented in the computer code generated by
Dr. Garland.

Back to H2O Home Page

This site was constructed by Jeff Colgan at Dr. William Garland's lab. Please direct any comments toDr.
Garland.

Dr. Witliam Garland
NRB 117

McMaster University
Hamilton, Ontario
L8S 4M6
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HZO Propei., Library

- Library divided into 3 levels:

1: fitted functions and slopes
DFE(P) DFSUB(P,T), etc.

2: derived functions and coilections of functions
SAT(P,!TYPE)‘ _ SUB(P,T), etc.

3: Logic sorter and manégerj
PROP(P,T,ISAT,ITYPE......... )
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To: STHB staff

From: G.R. M°Gee
WATER PROPERTIES IN EXCEL

I have created an Excel template containing fumction modules to calculate water properties. This
template has been stored in a new shared area, X \STHB_STM. The template is named
MACH20.XLT, and is recommended to anyone using Excel to analyse thermalhydraulic dzata.

The functions use coirelations deveiopad by Bill Garland, M*Master University. These ars the
same correlations used in the MYSTEAM steam table uiility (alse available in XASTHB STM;
see RC-989 for documentation). Separate functions are provided for subccoled, saturated, and
superheated properties. Additional ‘general’ functions are provided that call the appropriate
state-specific routine (based on the input T, and Pyy), but the user must supply a quality (Xj,) if
the fluid is saturated. The function names, required input and output values, and ranges of
validity are listed in the attached table.

To use the functions in an Excel workbook, you need to copy the template (MACH20.XLT) to
your C:\MSOFFICE\EXCEIL\XLSTART directory (or whatever directory you Lave set as the
startup directory in Excel). Then when you choose New from the File menu, MACH20 will
appear in the template list. If you choose MACH2O, a new workbook will be created (usually
called MACH201.XLS) which you can use to perform the required analysis or calculations, then
rename using “save as”.

To enter a property value in a formula, select the Function Wizard button (or select Function
irom the Insert menu), followed by “User Defined” under functicn category. An alphabetic list
of all the functions appears under Function Name. Double click on the desired function name
(for example PSAT). A dialog box appears requesting the required input (for example Ti).
Either a value (eg. 236.0), cell address (eg. A23) or formula (eg. A23-273.2) can be entered. The
routines all contain internal checking logic to screen for invalid inputs. If possible, the invalid
input value is reset to the nearest limit (i.e., HGSUP(2.0, 600.0) = HGSUP(2.0, 450.0) = 3363.6).
Otherwise, an rude message is generated {i.e., HGSUP{2.0, 20.0) = #NUM!). General property
functions can be forced to return saturaricn values by setting either Pj; or Ti, to 0.

Correlations are available for other properties, such as entropy or viscosity. These can be added
to the template as required. I also have correlations that could be used to set up similar templates

for D,0 or HB-40.

If you have any questions or comments on the template, or require help setting it up, give me a
call.



FUNCTION ROUTINES IN EXCEL TEMPLATE MACH20.XLT

Subcooled Superheated
Property Units Liquid Saturated Vapour General
Specific m°/kg VFSUB(Pjs, Tin) VF(P;n) VGSUP(P;, Tin) V(Pin, Tin, Xin)
Volume VG(Pin)
Enthalpy kl/kg HESUB(Pin, Tin) HE®;n) HGSUP(Pin, Tin) B(Pin, Ti, Xin)
HG(Pin)
Specific kl/kg CPFSUB(Pin, Tin) CPE(P;n) CPGSUP(Pin, Tin) CP(Pin, Tin, Xin)
Heat CPG(Pin)
Thermal W/m-C AKF(Pig, Tin) AKG(Pis, Tin) K(Pin, Tin, Xin)
Conductivity
Saturation MPa PSAT(Tiq)
Pressure
Saturation °C TSAT(Pir)
Temperature
Pin P to18 MPa 0.0006 tc 18 MPa 0.002 to 18 MPa 0.002 to 18 MPa
Ranges: Tin 0.1 to 356°C T to 450°C 0.1 to 450°C
Xin Otol
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