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25. WATER

ﬁPressure and Temperature Calculator: Peter Bjorklund. Antti Hoine

File Edt Format Show Help
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Figure 1: Pressure-Temperature calculator for water.

The Pressure and Temperature calculator enabtesmplete thermodynamic description
for a species, by allowing the user to specifyordy the temperature, but also the pressure
(partial). This calculator is currently only avdila for water, since the properties of steam
in particular, deviate significantly from those tfe ideal gas, i.e. the heat capacity is
purely a temperature-dependent function. In letthmg user specify water/steam pressure,
cases where pressure is of extreme importanceasily be calculated.

This calculator is a very useful replacementstelam table booksandMollier diagrams.

By directly typing the pressure and temperature tbie process points, or by simply
clicking on the diagram, the process enthalpy anbpy are calculated along with several
other useful thermodynamic data. The module is algailable through the Heat and
Material Balances module (Chaptkt. Heat and Material Balangewhere the pressure
correction may be inserted into the worksheet eslldormula.
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25.1 Basic Calculation Procedure

The calculator lets the user specify tpmcess pointspoint 1 being the starting point and
point 2 the end point. The calculator then cal@daheabsolute valuesor the two points
and then thalifferencebetween them. The absolute values are mostly uefulensity
and heat capacity data, whereas the differenceslta dalues are useful for enthalpy and
entropy data. A line between the two points magiaevn by selectinGhow/Linefrom the
menu. However, this lindoes not necessarily represent the actual procatis mstead it
makes the visualization of the two points easi&er€ are two basic ways, which may also
be combined, of specifying the process points:

Specifying points using the mouse:

1. Specify the appropriate units from the combobaxas the amount (kmol or kg) in the
textbox.

2. Activate one of the points by clicking on the agmiate box in the diagram. A yellow
box indicates the active point and a white boxitlaetive point.

3. Click on a position in the diagram and the selbgieint will move to that position and
the data will automatically be recalculated. Ndigt tif asaturated statés selected, the
point will jump to the appropriate saturated cuifvpossible. It is also possible to use
the drag-and-drop technique to move the selected.po

4. Repeat steps 2 and 3 for the other point.

5. If a point is on a saturated curve, the user mpeegify the Mixture %, i.e. the percentage
of thefirst of the two phases in the mixture shown in the calmalx on row 3 of the
worksheet. The default value is 50 %.

Specifying points manually:

1. Specify the appropriate units from the combobaxas the amount (kmol or kg) in the
textbox.

2. Specify pressures and temperatures for the twotpdiy simply typing them into the
cells on columns 1 and 2. Note that if@urated statés selected, the temperature or

pressure will automatically be calculated. The galthat are automatically calculated
are indicated in a black font.

3. If a point is on a saturated curve, the user haspiecify the Mixture %, i.e. the
percentage of thigrst of the two phases in the mixture given in the cobadx on row 3.
The default value is 50 %.

4. If a point is on a saturated curve, the user npegiy the Mixture %, i.e. the percentage
of thefirst of the two phases in the mixture shown in the camalx on row 3 of the
worksheet. The default value is 50 %.

Explanation of the p,T-diagram:

The p,T-diagram to the right of the window contagnfew labels. These are explained in
the following points:

1. Triple Point
The triple point refers to the point where all #rehases of water may exist
simultaneously. This point is at T = 0.01 °C and §.0061 bar. Most steam tables use
this as the reference point, i.e. the absolutea¢pyrand absolute entropy are set to zero.
By selectingEdit/Point 2 = Triple Pointfrom the menu, the second process point will
automatically be set to the triple point, whiclaiso the default setting. This means that
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the enthalpy and entropy differences will have shene values as those found in most
steam tables if the phase is selidaid at the triple point.

2. Critical Point
When the temperature rises above the critical pdir$ no longer possible to clearly
distinguish between the liquid and the gaseouseltasch a condition is referred to as
supercritical The critical point for water is at T = 373.946 8@d p = 220.64 bar. It is
important to know that above this point the progrstili specifies the phase of the
point, although there are no longer any actual phassitions between the phases.

3. Saturated Curves
There are three saturated curves in the diagraresellaregas/liquid gas/solidand
liquid/solid. A point located on any one of these curves iridicéhat the two phases are
in equilibrium. The three curves join at ttigle point which is where all three phases
can exist simultaneously. The user may force atponto the saturated curve by
selecting eitheSat. (g,l) Sat. (g,s)or Sat. (I,s)from one of the phase comboboxes on
row 3.

4. Solid Ice
A stability area consisting of several solid iceapés, with different crystal structures,
of which some are shown on the diagram. Data is hotvever, available for
the high pressure solid phases.

Calculation worksheet:

The calculation worksheet is to the left of the daw. The first four rows are input rows
and the last six rows show the results. The inpwsrare explained in the following points:

1. Temperature
The temperature unit may be either°@ or in K, depending on the temperature unit
combobox. The temperature is automatically calealavvhen theSat. (l,s) state is
selected.

2. Pressure
The pressure unit may be eitherbar or in MPa, depending on the pressure unit
combobox. The pressure is automatically calculataen theSat. (g,l) or theSat. (g,s)
state is selected.

3. Phase
There are three different pure phases availablev&ter:Solid (s) Liquid (I) andGas
(9)- These three phases may be combined osatugated curveand they are specified
as: Sat. (g,l) Sat. (g,s)and Sat. (I,s) At the triple point a mixture of all of these is
possible, however, only a mixture of two is possiiol this module. When jgure phase
is selected, the actual phase is automaticallycsmleaccording to the user input
(manually or with the mouse). Whensaturated states selected, the temperature or
pressure is automatically calculated, which is thrticated in a black font. For the
gas/liquid and gas/solid mixtures the pressureuteraatically calculated and for the
liquid/solid mixture the temperature is automaticahlculated. Note that when moving
outside the limits of the saturation curve, thegghwill automatically change into the
corresponding pure phase of the specified point.

4. Mixture %
It is possible here to enter the mixture percentddbe saturated state. This is the same
as thedryness percentagef steam when the point is on the saturated gagdiicurve.
The percentage always refers to the amount ofitsieghase in the total mixture, e.g.
the gas percentage in a gas/liquid mixture. Thiseisto 50 % by default and only
visible when a saturated state is specified.
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The results of the calculation are shown in the esdable below the input. The data
calculated includes:

1. Enthalpy (H) and Entropy (S)
The enthalpies and entropies for the two procesatpa@re calculated using the
reference point T = 25 °C and p = 1 bar. This diffsrom what is normally found in
steam tables, where the reference point is T = 80&nd p = 0.0061 bar (triple point
for water). This means that only thifferences in enthalpy and entropy are of
importance since they are independent of the choice of eefe points. Point 2 is
thereforeby default set to the triple pojnivhich means that the enthalpy and entropy
differences, indicated by a yellow background, ghe values normally found in steam
tables.

2. Specific Enthalpy (H specific)
The specific enthalpies are the enthalpies wherplttase transformations are ignored.
In other words the enthalpy released/gained wheterwa cooled/heated to 25 °C at
constant pressure. Therefore the specific enthalpgro at 25 °C.

3. Gibbs Energy (G)
These cells show the Gibbs Energy for the two goint

4. Heat Capacity (Cp)
These cells show the specific heat capacity attaohpressure for the two points.

5. Density
These cells give the densities for the two poifilse densities are interpolated or
extrapolated from the Excel file H20.XLS locatedthre .\HSC5\PTCalc directory.
Please do not modify this file.

Other important terms:

1. Isentropic process
If the entropy is constant through a process, the. entropy difference is zero, the
process is callesentropic An isentropic process is an ideal process ardoreaesses
are often compared to the corresponding isentq@mcess.

2. Isentropic efficiency
An isentropic process generates no entropy and thengfore be considered an ideal
process. It is useful to compare real processahédb of the isentropic through the
isentropic efficiency. The isentropic efficiency #@compressoor pumpis defined as

_ Ah,
"~ Ah’

Nse [1]

whereAh is thereal enthalpy differencandAhs is theisentropic enthalpy difference
The isentropic efficiency for aurbineis defined as

_4h

— _ 2
Nt Ah, (2]

An isentropic process is alwayadiabatic however, an adiabatic process is not
necessarily isentropic.

25.2 Calculation examples
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25.2.1 Ice melting at high pressure

I,._T}_ﬂPressure and Temperature Calculator: Peter Bjorklund and Antti Boine
File Edt Format Show Help
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Figure 2: Melting of ice at a pressure of 500 bar.

The example in Figure 2 shows the enthalpy andpptchange of 1 kg solid ice melting
at a constant pressure of 500 bar, until 90 % eftdital mixture is liquid water. The
enthalpy difference is ~290 kJ and the processetbe endothermic. The entropy
difference is ~1.079 kJ/°C and the process theeefenerates entropy. The melting point
of ice at 500 bar is automatically calculated, sitite point is on the saturated liquid/solid
curve, and it is roughly —4.5 °C. This pressuradhkieved, for example, when pressing a
sharp object against an icy surface, which therisréble to the decreased melting point
temperature.
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25.2.2 Evaporation process in a heat recovery berl

I,._T}_ﬂPressure and Temperature Calculator: Peter Bjorklund. Antti Hoine
File Edt Format Show Help
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Figure 3: Evaporation process.

The example in Figure 3 shows the evaporation gocea heat recovery boiler, when the
mass flow is 500 t/h (Amount: 500000 kg, Unit: MWihe temperature is 285 °C and the
pressures are automatically calculated, sincedheated gas/liquid state is selected. The
transferred heat is ~21 MW, when 10 % of tioéal water flow evaporates. This is
equivalent to a water/steam ratio of 90%/10% = Be Entropy generation of ~0.038
MW/°C indicates that the process is not isentropic.
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25.2.3 Steam turbine process

I,._T}_ﬂPressure and Temperature Calculator: Peter Bjorklund. Antti Hoine
File Edt Format Show Help
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Figure 4: Steam turbine process.

A simple steam turbine process is shown in Figur&ht calculation shows that the net
enthalpy for a mass flow of 10 kg/s is —10633 kW #mus exothermic, i.e. the enthalpy is
released in the form of work on the shaft. The aggytrgeneration is 7.5 kW/°C and the
process is therefore not isentropic. By decreatfiegMixture % (in this case ~81.7 %) the
process may be compared with the ideal isentrofpcgss for which there is no entropy
generation. The enthalpy released in the isentqmicess is —12903 kW and the isentropic
efficiency is therefore, according to equatiom&= -10633 kW / -12903 kW& 0.82.
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25.3 Detailed Description

25.3.1 Pressure correction in the database

HSC Chemistny® 6.0
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The pressure-corrected calculations are based wnpmessure-specific species in the
database. They are of the forfg(XbarP), whereS denotes the specieX, the pressure
(partial) in bars an@ the phase. The phase is only specified for gasgoesies. The only
currently available species is;® (water), and the pressure-corrected speciesoaralfin

the database as H20(0.01bar), H20(0.01barg), HZD&HD, H20(100barg), etc. Note that
if the phase is not specified, it may be eitherdsof liquid depending on the temperature.
For supercritical steamthat is for Tu 373.946 °C, a gaseous phase is used for p <£220.6
bar and a liquid phase for p 220.64 bar, although the two phases are impossible
separate in reality.

Table 1 shows the pressure-corrected water spagiesntly found in the HSC database.

Pressure [bar] Solid/liquid species (ice/water) Ga&pus species (steam)
0.01 H20(0.01bar) H20(0.01 barg)
0.05 H20(0.05bar) H20(0.05 barg)
0.1 H20(0.1bar) H20(0.1 barg)
0.5 H20(0.5bar) H20(0.5 barg)
1 H20(1bar) H20(1 barg)

5 H20(5bar) H20(5 barg)

10 H20(10bar) H20(10 barg)
20 H20(20bar) H20(20barg)
30 H20(30bar) H20(30barg)
40 H20(40bar) H20(40barg)
50 H20(50bar) H20(50barg)
60 H20(60bar) H20(60barg)
70 H20(70bar) H20(70barg)
80 H20(80bar) H20(80barg)
90 H20(90bar) H20(90barg)
100 H20(100bar) H20(100barg)
200 H20(200bar) H20(200barg)
300 * H20(300bar) *

400 * H20(400bar) *

500 * H20(500bar) *

600 * H20(600bar) *

700 * H20(700bar) *

800 * H20(800bar) *

900 * H20(900bar) *

1000 * H20(1000bar) *

* Supercritical pressures

Table 1: Pressure-corrected species currently availablehie database.

Since water is in a liquid form at the referenamperature of 25 °C for pressures higher
than 0.032 bar, the Cp functions for steam folltve $aturated steam curvieelow the
boiling point. This means thahe pressure is not kept constéowthis pointand thus
the pressure value in the species nameXi.i|. H20(Xbarg), is no longer valid for these
temperatures. This may be seen from Figure 5, wther€p functions of steam at different
pressures are shown. When the temperature dropw Iieé boiling point the Cp functions
follow the saturation curve, where the partial puee also reduces with the temperature.
This also means that thetal enthalpyandentropycurves below the boiling point will not
join as expected and therefore these curvesamparable with each other only for values
above or equal to the boiling pointhis is, however, not an issue when studying omnlg
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pressure-corrected species at a time since thalpgptbntropy differences are then still
valid. Naturally this is never a problem in the $z@e and Temperature calculator, since it
automatically chooses the liquid phase when the@égature drops below the boiling point
for a constant pressure.

For the solid/liquid phases, i.e. H20(Xbar), theference point does not cause any
problems, since at least one of the two phaseasidliand/or solid) exist below 25 °C and at
pressure X. They can therefore easily be extragmlaip to 25 °C when necessary.
Extrapolation above the boiling/sublimation poimit different pressures are shown as
dotted curves in diagrams, which also means tlatitjuid/solid phase does not exist at
these temperatures.

Figure 5 also shows that the ideal gas approximaiitdicated by the label H20(g), is
generally more accurate for low pressures and tagiperatures. The ideal gas curve can
be seen below the constant pressure curves. Taefiwhumb is that the accuracy of the
ideal gas approximation increases the further apgaymove from the critical point.

4 H5C Diagrams _ O] =]
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Figure 5: Cp functions for steam at different pressures.
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25.3.2 Basic theory

In order to calculate the enthalpy and entropyifférént pressures, slight modifications
have to be made to the enthalpy of formation aaddsird entropy at 25 °C, i.e. the H
term of equations 1 and 3 in Chapedntroduction Most steam tables use ttigle point

of water (T = 0.01 °C, p = 0.0061 bar), insteathef standard reference point used in HSC
(T = 25 °C, p = 1 bar), therefore tlabsoluteenthalpies and entropies will be different
from those found in steam tables. However, sindat@ is by default set to the triple
point, the enthalpy and entropy differences (c€fisand C6) are the same as the absolute
values found in steam tables and diagrams. Thelseved by selectingdit/Point 2 =
Triple Pointfrom the menu and choosing tlguid phase.

The pressure corrected enthalpy at temperaturel passure p is calculated as
‘ T
H(T,p)=H|(29815K ,p)+ [Cp(T,p)dT+X H,, [3]
298.15K
where H; (298.15K, p) is the modified enthalpy of formatiahpressure p and,Hs the

enthalpy of a phase transformation. The entropyrassure p may be calculated in a
similar manner as

' T H
S(T,p)=S,(29815K ,p) + j MdHZT_U, ]

29815K

where Sp (298.15K, p) is the modified standard entropy atspure p and His the
enthalpy of a phase transformation at temperatyre T

The Cp function still utilizes the Kelley equatidm,t the coefficients are now pressure-
dependent according to

Cp(T.p)= A(p)+ B(p)-107* +C(p)-10°-T* + D(p)-10° - T, [5]

where A(p), B(p), C(p) and D(p) are the coefficgefitted at different pressures p. See
Table 1 for a list of the current pressures avéslab

The temperature or pressure of a saturated curealesilated through either one of the
equations 6-8. The pressure for a saturgéedliquid mixtures

p(T)=0.1exgl178T - 37279)/(T - 43.19)), 6]

where T is the temperature in K and p the pressuMPa. The pressure for a saturated
gas/solid mixtures

p(T)= 1005380997 2663.91/ (T +0.01) /10000, [7]

where T is the temperature in K and p the pressukéPa. The temperature for a saturated
liquid/solid mixtureis

T(p)=-0.009p + 27316, []
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where T is the temperature in K and p the pressuk#Pa. These equations correspond to
the saturated curves in the p,T-diagram and alieadiin the module whenever a saturated
state is selected.

In order to calculate the influence of pressuretlo®m enthalpy and entropy below the
freezing point, a pressure correction term is u$ée.correction term is

AhT:const = (1_ Tf o vjce)vice(pf - p0)1 [9]

where T is the temperature at the freezing pointispthe pressure at the freezing point,
Qe IS the coefficient of thermal expansion ang, is the specific volume.

25.4 Limitations

- The current pressure range is —200 °C to 2008rM{0.001 bar to 1000 bar.

- Accuracy in g-values and density values decreases close taitivalgpoint.

- Accuracy in saturated liquid/gas pressure deeseal®se to the critical point.

- Uncertainties in gvalues for ice at different pressures.

- The high temperature and pressure region (8002WD0 °C and 100 bar - 1000 bar) is
extrapolated.

- The low pressure region (0.001 bar - 0.01 baexisapolated.



