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PRELIMINARY REMARKS

The following report describes the development of a computer prograraléottating
deposition rates of alakali salts from two-dimensional turbulent bourdger flows on
turbine blades. The description of the program was originally sidaivais the Milestone 1
Report of the project. This description is included here, but with additisections
summarising the background and theoretical approach of the work aaplpiieation of the
code to an example cleaner-coal turbine.

An alkali salt deposition code was originally developed duringearlier DTI
supported cleaner-coal project (the Grimethorpe Topping Cycle dBrojeut this was
written specifically for high chlorine UK coals. The presentecgla development of that
code to generalise it for use with world coals, which genelallye lower chlorine levels.
The opportunity was also taken to rewrite the code in Fortran 95r rdtthe the older
Fortran 77 used for the original code.

The development and testing of the new code involved:

() Conducting a literature search for thermochemical data on thie @t@e/hydroxide
system;

(i)  Deriving appropriate thermochemical constants and parameters;

(i) Revising the existing models to incorporate the alkali oxides and hydroxides;

(iv) Incorporating the new model into a computer program to estimatsothelary layer
diffusion and surface deposition rates of the alkali salts;

(v) Performing sample test calculations with the new computer program.

Items (i), (i) and (iii) were carried out by Mr. R. Tabbeof Powergen, item (iv) by
Prof. J.B.Young of Cambridge University and item (v) by Dr. J.E. Fackrell of Rewer

Dissemination of the results of this work will be via publicatiortechnical journals
(probably thdnternational Journal of Heat and Mass Transfer) and it is planned to prepare
and submit at least one journal paper by the end of 2004. The workswilbe presented at
specialist conferences.

There is considerable potential for exploitation of the existmigputer code. As it
stands, the code should be of interest to those companies involved in ttpe dedi
manufacture of the type of heavy-duty industrial gas turbine whittb& required in the
future for coal-fired operation. The main companies operating watéhare General
Electric in the United States, Alstom in the United Kingdonmentins in Europe, and
Mitsubishi and Hitachi in Japan. The Whittle Laboratory at Cambridigiversity has close
contact with most of these (and other) companies and it is proposedestigate the
possibilities for marketing of the code and establishing other consulting amantge



There is also potential for further scientific development of ttermochemical
modelling. Although attention has been confined in the present projda salts of sodium
and potassium and their behaviour in high temperature gas flows, the roétmalysis is
fairly general and could be extended to encompass other situafionsexample, two
problems of current interest which might respond to similar modetechniques are the
transport of corrosive vanadium salts to gas turbine blades in convémgfEsnarbines and
corrosion of steam turbine blades by sodium salts present in tthedts. In the United
Kingdom, companies such as Rolls-Royce, Alstom and Siemens aviipproached for
discussion on the possibility of extending the modelling to deal thiélse and other
technical problems.



1 INTRODUCTION

Many cleaner coal technologies, including various IGCC (Intedra&asification
Combined Cycle) and ABGC (Air Blown Gasification Cycle) teclogads derive their high
efficiency by coupling a gasification process with a gas mearlsiombined cycle unit. The
coal is converted into a fuel gas which is then used to fire the nehlwycle unit. Gas
turbines are designed to operate on clean fuels such as natusehg@ass the fuel gas
derived from coal will contain various impurities including alkalitsaThese can cause
deposits on the turbine blades resulting in corrosion. Conventional IG@6’slean the
fuel gas to high purity using low temperature processes. H@&CAand second generation
IGCC’s will use hot gas clean-up where the degree of akkaloval may not be as efficient.
This will improve the efficiency of the plant and lower capitalsts but may have
deleterious effects on the gas turbine.

To predict the degree of corrosion in the gas turbine, it is reagess model the
deposition rate of alkali salts onto the turbine blades. A model f@&li&alt vapour
deposition was developed a few years ago during the Grimethorpe Tdpyttey Project
and was successfully applied to predict corrosion for the Grimethdatse This model
assumed that the alkali metals (sodium and potassium) were predéet gas phase as
chloride salts (NaCl, KCI). This assumption was valid for then@tihhorpe modelling where
a UK coal was being used which resulted in the formation of signifiamounts of
hydrogen chloride HCI in the fuel gas. More generally, for oparatith world coals, the
chloride levels are expected to be much lower and the principal alkali saisspeesent are
likely to be the hydroxides (NaOH, KOH) and the oxides, partigultre superoxides
(NaG,, KOy).

All coals contain sulphur and this gives rise to the presence gfwsullioxide S@ at
combustor outlet. The possibility therefore exists for the formation of thhates (NSO,
K>SQy). Calculations show, however, that at the high gas temperatuties first stage of
the turbine, equilibrium favours the chlorides, hydroxides and superoxattes than the
sulphates. Nevertheless, as these species diffuse through the tutindedary layers
towards the blade surfaces, the temperature drops dramaticattguSe the blades are
cooled) and the gas-phase equilibrium shifts in favour of the sulphates. The theristghem
then predicts that, for most practical situations, the liquid od st@posit which forms on
the blade surface is composed almost entirely of the sulphates.isTliue even when
chlorine is present in the coal.

The present project involved reconfiguring the thermochemistry Inaodiecomputer
program to account for the presence of the oxides and hydroxidesofrpiter code is
called VAPOURDEP and the user manual is appended.



2  OUTLINE OF THE THEORY
2.1 Equilibrium in the freestream

At combustor outlet, the particular species of interest present in the gasapbas

0,, HO, SQ, HCIL

It is assumed that the mole fractions of these speciesxaednd known. @and HO will
be present in substantial quantities (mole fractions of ordey B0t the concentrations of
SO, and HCI will be much less (mole fractions of order*LGHCI will only be present if the
original coal contained chlorine as well as sulphur.

There will also be trace amounts of sodium Na and potassium Knprégpically
mole fractions of order I8). It is assumed that the total amounts of Na and K are known
from an analysis of the original coal. A study of the Gibbs &methalpy of formation of a
range of possible sodium and potassium salts indicates that thdikebsspecies to be
present are :

NaCl, NaOH, Na@ NaSQ0, KCI, KOH, KQ, K;SO.

At combustor outlet (turbine inlet) it is assumed that allcigseare in chemical
equilibrium. The relevant equilibrium equations are:

10 + 1o, o OH
2 4

NaO+ OH - NaOH + Q@
KO+ OH - KOH + Q
2NaO+ SQ o NasSO, + O
2kO0+ SQ o KSO + O

2NaCl + KD + SQ + %Oz - NaSO, + 2HCI

2KClI + HO + SQ + %Oz - KsSO, + 2HCI

These give rise to seven algebraic equations involving the sevenpoowayy equilibrium
constants. There are also two equations for the known total amountsasfd\ie. These
nine equations are sufficient to solve for the nine unknown mole fractions of the species

NaCl, NaOH, Na@ NaSO, KCI, KOH, KQ, K;SO; OH,

at the given temperature and mixture pressure. Details of théiaetpuand the method of
solution is given in Appendix 1 of the attached computer program manual.

Between the combustor outlet and the mainstream flow in the twlaide passage of
interest, the temperature and pressure will change and the eguilibetween the nine



species may shift. Consideration of the rates of the varioudiammcsuggests two
possibilities, both of which are available as options within the computer program :

1)  Full equilibrium prevails in the freestream of the turbine bjaaesage. In this case,
the analysis is identical to that performed at combustor outles lmairried out at the
local pressure and temperature of interest.

2) The mole fractions of N8O, and KSO, are assumed frozen at the combustor outlet
value but all other species maintain their equilibrium conceatrati This is
considered the more realistic possibility because the formatidla&O, and KSO,
each requires the collision of two sodium or potassium specieshwhicen the
extremely low concentrations, must be a comparatively rare .eVkeatanalysis for
frozen NaSQ, and KSO, is similar to the full equilibrium calculation but only five
(rather than seven) chemical reactions are involved. Detailbedound in Appendix
1 of the computer program manual.

2.2 Diffusion through the blade surface boundaryla  yers

At the outer edge of the boundary layer, the pressure and tempefatiesflow are
assumed known and the concentrations of the specigSa NaCl, NaOH, Na@)
K>SOy, KCI, KOH and KQ can be obtained as described in Section 2.1 using either the
full equilibrium or frozen sulphate approximation. The mole fractiohsll sodium and
potassium species are extremely low and their presence dodfeobthee calculation of the
carrier gas properties. The problem is to compute the ratehahwhe sodium and
potassium species diffuse through the boundary layer and deposit indiggotld form on
the metal surface of the turbine blade.

Because the Na and K species concentrations are very lsvassumed that chemical
reactions within the boundary layer do not occur and that the varidasigaise through
the boundary layer without chemical rearrangement. This is probablyery good
assumption. It does not imply, of course, that the mole fractionbeopecies remain
constant through the boundary layer because, if this were the tbhase,would be no
concentration gradients providing the ‘driving force’ for diffusion and @enc mass
transport of any species to the blade surface. Concentration gradientsialishesi because
the liquid or solid deposit on the blade surface is in steady-statact with the gaseous
species at the gas-deposit interface. This means that the smdilupotassium species in the
gas phase at this interface are in chemical equilibriutimealblade surface temperatufide
difference in composition between the gas in contact with thacgignd the freestream gas
at the outer edge of the boundary layer then provides the ‘driving force’ for diffusion.

The boundary layer itself is assumed to be two-dimensional and aathéelaminar




or turbulent. The computer program VAPOURDEP has been written assuenption that
a suitable solution for the velocity and temperature distributions througiheuioundary
layer covering the turbine blade surface is available frogparate calculation. The present
version of VAPOURDEP interfaces with a well-known public domain bounidgsr code
originally developed at Stanford University and known as STANCOOLANEIOOL
allows the calculation of boundary layer growth in the presence®firgection for film
cooling and is therefore very suitable for coal-fired gas turlsmleulations. A special
version denoted STANDEP is supplied which prints to a file whashhkee read directly by
VAPOURDEP.

The equations describing diffusion through the boundary layer arenpedsin
Appendix 2 of the VAPOURDEP manual. Also included in the same apperd& i
description of how the laminar diffusion coefficients for each speeaie calculated.
Turbulent diffusion coefficients are obtained from the known eddy vigcdistribution and
the common assumption that the turbulent Schmidt number is unity.

The species conservation equations are solved using a numericahsvdinitme
approach. Firstly, it is necessary to establish a computatiadatayering the flow domain.
In common with all turbulent boundary layer problems it is impotiaisblve the equations
on a grid which becomes finer in the region close to the bladacsurfwhere the
concentration gradients are greatest) and the generation of soch-uniform grid is
described in Appendix 3 of the manual. Appendix 4 then describes how theigaimer
solution is achieved by marching along the blade surface, statistation, solving the
equations across the boundary layer at each station using aritimplicx method. In order
to start this procedure, initial estimates of the conceotrgprofiles are required and
Appendix 5 describes how these are generated. The final pae dfffusion calculation is
to deduce the mass transfer coefficient for each species limumerical solution and the
method by which this is done is detailed in Appendix 6.

2.3 Equilibrium at the gas-deposit interface

Knowing the mole fractions of a given species in the gas phaseabdiie blade
surface and in the freestream, together with the relevant mas$etr coefficient, allows the
rate of transport to the surface of that species to be deterndihedcalculation of the
freestream mole fractions has been described in Section 2.1 handnass transfer
coefficients in Section 2.2. Here, the condition at the blade surface is addressed.

At the blade surface, the program implements a special theremoicdl boundary
condition which assumes the existence of a liquid or solid depodiieométal. At present,
the user must specify whether the deposit is liquid or solid. The assumption of the
theory is that the Na and K species in the gas phase in conthcthei deposit are in



equilibrium with each other and also with the components of the deptosst.further

assumed that the deposit is composed gSRaand KSO, only. Even when chlorine is
present, calculations have indicated this to be a good approximatiorosh practical

situations.

Calculation of the equilibrium composition in the gas phase is straightforwardhance
mole fractions of Ng&5O, and KSQO, in the deposit are known. The method involves the
application of Raoult's law with modifications for non-ideal behaviamd ionic
dissociation in the liquid or solid deposit and is described in Appendix Thef
VAPOURDEP manual. The rate of deposition of,8@, and kSO, can then be obtained
by use of the mass transfer coefficients and the known freestream gasitompos

The dewpoint temperature is defined as the surface tempeahiowe which a stable
liquid or solid deposit cannot formé., any deposit present will evaporate). At the dewpoint
temperature, the fluxes to the surface of Na and K are indepgndend. By iterating
simultaneously on the surface temperature and the mole fractide,80, in the deposit
(while assuming the local free-stream mole fractions andnthss transfer coefficients
remain unaltered), it is possible to calculate the dewpoint tertyperat each station along
the blade surface. Comparison with the actual blade temperaturshitves whether or not
a deposit will form and hence whether or not corrosion of the blade metal is likely.

3 THE COMPUTER PROGRAM ‘VAPOURDEP’

The computer program is written in FORTRAN 95 and a user maaplpended at
the end of this part of the Final Report. This manual formed thesMite 1 Report of the
project. It gives details of how to run the code, the input data esgeirts and a description
of the output. The appendices describe the governing equations and mesiodatioh as
discussed in Section 2 above. The program is about 2500 lines long axténsively
commented. It is straightforward to follow in parallel with the description imtéweual.

4 TESTING AND VALIDATION OF THE PROGRAM

One of the aims of the Project was that the indugtaainers should apply the codes
developed at Cambridge to relevant problems, theralmmng experience in using the codes
as well as generating useful information on deposifidms section describes the application
by Powergen of the new vapour deposition code to the saameple utility turbine as used in
the previous Topping Cycle work. The results of the nedeovere compared to the original
results for high chlorine coal. Then the new code usesl to look at the effects of different
chlorine and sulphur concentrations and the effects fefrelift levels of alkali.



4.1 Utility turbine test case

The Topping Cycle utility turbine was used because the flow conditiotie turbine
were already known in detail, thus saving considerable work in natdh&viperform flow
calculations. A summary of the flow conditions through the turbine is given in Table 4.1.

Position Total Pressure Total
(bar) Temperature®°C)

Inlet 13.62 1380
Stator 1 LE 13.62 1380
Stator 1 TE 12.93 1260
Rotor 1 LE (relative) 7.92 1109
Rotor 1 TE (relative) 7.69 1073
Stator 2 LE 5.76 994
Stator 2 TE 5.57 953
Rotor 2 LE (relative) 3.78 853
Rotor 2 TE (relative) 3.68 841
Stator 3 LE 2.58 761
Stator 3 TE 2.52 745
Rotor 3 LE (relative) 1.73 662
Rotor 3 TE (relative) 1.70 664

Table4.1: Conditions in the example utility turbine.

The base case gas and alkali conditions for the present work anefiaf the ‘worst
case’ scenario of the original utility turbine calculations,erafce [1]. This was derived
specifically from certain assumptions about the air-blown gasifin system, but here the
case is just used as a typical starting point to examindféatseof varying gas composition
on alkali deposition. The gas composition entering the turbiee &t the outlet to the
combustor) is given in Table 4.2.
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Component molar (volume) fraction
N, 0.71

H,O 0.12

O, 0.08

CO, 0.09

SO 140x 10°

HCI 110x 10°

Na 24 x 10°

K 42 x 10°

Table4.2: Base case gas composition.

The values in the table are for a typical UK coal. The levél©ff of 110 ppmv (parts
per million by volume) would be higher than for many internationals; so this base case
can be considered as an example with a high chlorine content.

4.2 Comparison with original code for high chlorine coal

The original model for vapour deposition assumed that the alkali in végrourcould
only include the chloride, hydroxide and sulphate salts. With the higt & chlorine,
equilibrium at the combustor outlet temperature then leads to tleidehlbeing the
dominant gas-phase salt species, followed by the hydroxide, wigulifigate concentration
being much lower. It was assumed in the original work that, hawingedo equilibrium at
the combustor outlet temperature, the relative proportions of theediffsalts remained
frozen through the rest of the turbine, concentrations only beingalbsrthe added cooling
air. The time to traverse the turbine is quite short (of the asfldr ms) and the alkali
concentrations are very low, so this assumption seems quite reasandbk retained for
the present calculations. However, the new model allows four spetieslts to be
considered by including the superoxides (Na@®d KQ). The difference that this produces
in the vapour salt concentrations for the base case is illustrated in Table 4.3.

For this high chlorine case, the chloride salts dominate with botlprésent and
original models. The relative levels between the chlorides,olidks and sulphates is
similar for both models, but the new model shows that the superoxite rsake a
significant contribution, being intermediate between the chlorides tamlloxides in
concentration.
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Salt Original code Present code
Mole fraction Mole fraction
NaCl 2.1x10°® 1.6x 10°
NaOH 2.4% 10° 1.8x 10°
NaxSOy 6.9x 10 9.6x 10%°
NaO, - 5.3x 10°
KCI 3.8x 10° 3.1x 10°
KOH 4.0x 10° 3.2x10°
KoSOy 1.6x 10%° 2.6x 10%°
KO, - 7.3x 10°

Table4.3: Alkali salt concentrations at turbine inlet conditions (high chlorine content).

For estimating deposition, a solid or liquid deposit is assumed ondbe burface.
Then the sodium and potassium species in the gas phase directhtantavith the deposit
are assumed to be in thermodynamic equilibrium with each other amdh&icomponents
of the deposit, all taken to be at the blade surface temperah@@riginal code allowed the
possibility of sulphate or chloride salts in the deposit, but thdtsefom it consistently
showed that the deposit was almost entirely composed of the sslpAatassumption of
only sulphates in the deposit has been built into the present cod&eameaapplication of
the fairly complicated thermo-chemical boundary conditions easier.

The code then calculates the composition of the deposit and the autlerfs of the
sodium and potassium species in the gas at the interface witlegbsit. The difference in
mole fractions across the boundary layer together with the mnassfer coefficients
(calculated from the input flow data) gives the fluxes of th@oua species to or from the
surface. If the net flux is away from the surface, this indicatesthatieposit is evaporating
(and hence there will be no deposit). If the net flux is towardsutface, then deposition is
occurring. At one particular surface temperature therebeilzero net flux and this is taken
to be the dewpoint temperature.

The alkali salt deposition rates on all the blade leading edg®ns through the
turbine have been calculated for varying blade temperatures bisthgcodes. The mass
transfer coefficients have been obtained from established erhpwitalations, so the flow
element is removed from the two codes and this test just contharego different thermo-
chemical models used. Figure 4.1 shows the results of the calculatibrtke two codes in
terms of the net alkali salt flux rate plotted against blade surface tatumger

12
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Figure4.1: Net sodium/potassium salt deposition rates on utility GT leading edge regions.
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All the curves show the same general variation with surfatgdeature. At high
temperatures, the flux rates are negative indicating evaporatiothd$ in practice, no
deposit would occur). As the temperature decreases the fluxnmatease, passing through
zero at the dewpoint temperature, and then tend towards almost céplstaail’ values at
low temperatures. This behaviour can be explained because, at dretdowperatures, the
salt concentrations in the gas directly in contath ¥ihe deposit are so much lower than those
at the outer edge of the boundary layer that the ctrat®n difference responsible for the
mass transfer is essentially determined solely byfiiee stream concentrations. This means
that the flux rates become independent of the surtanpdrature and also do not depend to
any great extent on the deposit chemistry. The pldesals are lower for later blade rows in
the turbine because the molar densities of the salts decreassimgphrough the machine, in
line with the reduction in overall gas density. Thesluces the concentration differences
driving the mass transfer and hence the plateau depdsiigls are lower in later blade rows.

As shown in Fig. 4.1, the only exception to this tamy is in the first stage, where the
rotor blade has a higher plateau level than the stator bladesTiasduse the relative velocity
at inlet to the first rotor row is much higher than the velociiplat to the first stator row. The
stagnation mass transfer coefficient is consequentigh higher for the rotor and more than
compensates for the reduction in pressure. The detwegonperatures (corresponding to zero
net sodium and potassium fluxes) also reduce througmaichine because of the reduction in
pressure. This does not, however, reduce the risk of diepasi the later stages, since blade
temperatures fall more rapidly than the dewpoint teatpegs. A secondary effect tending to
reduce the deposition rates through the machine is due tdutierdproduced by the addition
of cooling air from blades and rotor discs being addedegartainstream flow.

The results from the two codes agree fairly closely, as onedwmpe for this high
chlorine case. Indeed, the dewpoint temperatures predicted hyalvedes for the different
blade rows are almost identical. The main difference betéeetwo calculations is that the
plateau levels at the lower temperatures are slightly higliter the new code. This is
because of the different salt species in the mainstrearflogasThe superoxide, which the
new code allows to be present, has a higher diffusion coefficienthbdrydroxide, and this
leads to the overall mass transfer rates being slightly greater.

Some detailed flow results were available for the firgjeststator blade of the utility
turbine. Figure 4.2 gives plots of the velocity around the blade (exterrtae boundary
layer) and of the surface temperature. The surface tempexattes widely because the
blade is film cooled at several different locations. The temperanmediately downstream
of each row of film cooling holes is low but then gradually creep& bp until the next row
of holes is reached.
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Figure4.2: Utility gas turbine, first stage stator conditions.
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Figure4.3: Alkali deposition rates along surface of utility first stage statatebla

Calculations of alkali deposition rates have been made for ther slatde with the
base case gas composition using both the old and new codes. Figure 4.3hsticive
results from the two calculations are very similar. The newe duak just slightly higher
deposition rates, for the reasons given above. It should be noted thatidemygy occurs
in those regions where the surface temperature is below the local dewpoint terepera
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4.3 Effect Of varying the chlorine levels

Having established that the new code produces similar restitte fiwevious code for
a high chlorine case, it was decided to investigate the efiecteducing chlorine
concentrations. The original code would not be accurate for low chlooneentrations
because of the assumptions built into it, but the new code should b&dedle such
cases. For this test, the HCI concentration was reduced loyoa ¢ 10, from the base case
level of 110 ppmv to 11 ppmv. The predicted vapour salt concentrations emieritugbine
with this lower chlorine level are given in Table 4.4. In this c#se,superoxide is the
dominant salt species, with the hydroxide and chloride being at a lower level.

Salt Mole fraction
NaCl 4.4% 10°
NaOH 4.9x 10°
NaxSOy 6.9x 10%°
NaO, 1.4x 10°
KCI 9.5x 10°
KOH 9.8x 10°
K,SOu 2.4x 10"
KO, 2.2x10°®

Table4.4: Alkali salt concentrations at turbine inlet conditions (low chlorine content).

The results from the new code for the leading edge deposition wéiie the high
chlorine base case are reproduced in Fig. 4.4(a) for comparison witbstlis for the low
chlorine case in Fig. 4.4(b). The low temperature plateau levelraost the same for the
two chlorine levels, the different composition of the salt vapours ifré@estream having
very little effect. There is, however, a considerable changberdéwpoint temperatures,
with the low chlorine case having dewpoint temperatures aroui@ Bigher. This could be
very significant in bringing more blade rows, or parts of a btagtace, below the dewpoint
temperature with the result that deposition occurs there.

This is illustrated by Fig. 4.5 which gives deposition rates on thigy iator for the
two chlorine levels, (both calculated with the new code). Although, thesite®n rates are
of similar magnitude for the two cases, there is deposition ooguori far more of the blade
surface in the low chlorine case, because more of the surfabelds/ the dewpoint
temperature.
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Figure4.4. GT leading edge deposition rates for different chlorine levels.
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Figure4.5:. Deposition rates for utility stator blade for different chlorine levels.
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Figure4.6: First stage stator leading edge deposition rates for varyingrehleriels.

In Fig. 4.6, the deposition rates on the first stage stator leadigare plotted against
surface temperature for different chlorine levels from O to&@@v. This clearly shows the
increase in dewpoint temperature with decreasing chlorine level. |Gl temperature
plateau levels vary only slightly, tending to be marginally greater fagd@hlorine levels.
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Figure4.7: First stage stator leading edge deposition rates for varying sulpbls. le

4.4 Effect of varying the sulphur levels

The new code has also been applied to study the effect of vasyipur levels.
Figure 4.7 gives the deposition on the leading edge of thestingé stator for different SO
levels from 70 to 280 ppmv. This has been done for the two extreme chéate of zero
and 300 ppmv. The effect of changing the sulphur level is simil&oth chlorine levels,
with the dewpoint increasing with increasing sulphur (the oppositthefeffect with
chlorine) and the low temperature plateau levels being virtually unchanged.

4.5 Effect of varying the alkali levels

Figure 4.8 shows the effect of varying the alkali levelstlier two extreme chlorine
cases. Again, the behaviour at the two chlorine levels is veryasifiilith the alkali split
equally between sodium and potassium, doubling the alkali level féoppbv (parts per
billion by volume) of each to 100 ppbv increases the low temperatusaplievel in direct
proportion (as might be expected), and also increases the dewpaattoby 20C. Two
other cases with different relative proportions of alkali wes® @omputed; with sodium
four times the potassium level and vice versa. The case with ther lpgoportion of sodium
has a lower plateau level and a higher dewpoint temperature than the highupotass.
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4.6

1)

2)

3)

4)

Conclusions from the studies

For high chlorine content, the new code predicts very simitadtseto the original
one, giving just slightly higher deposition rates but almost iddntieavpoint
temperatures.

As chlorine levels are reduced, the dewpoint temperatures iasgpgsficantly, but
the almost constant plateau deposition rates at temperaturelselosil the dewpoint
hardly change, just increasing very slightly.

Increasing the sulphur level produces an increase in dewpoipér&tire (opposite
from the effect of chlorine), but the plateau levels are again hardlyeadfect

Increasing the alkali levels increases the dewpoint tenupesatind increases the
plateau deposition rates proportionally. If there is a higher ptiopoof sodium than
potassium then the plateau deposition rate is lower and the dewpojpeérgdure
higher compared with a case involving a higher proportion of potassium.
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INTRODUCTION

VAPOURDEP is a computer program written in FORTRAN 95 fdcuwating the
rates of diffusion of sodium and potassium compounds, present in trace amouaypsur
form, through two-dimensional boundary layers on gas turbine bladesobe is based on
a theoretical model developed by Dr. R. Tabberer and Dr. J.E. Haaktbe PowerGen,
Power Technology Centre, Ratcliffe-on-Soar.

VAPOURDERP itself only solves the conservation equations for sihéium and
potassium species subject to certain boundary conditions. The velocitierapérature
fields within the boundary layer are not computed by VAPOURDEP arst be specified
externally. This is achieved by interfacing with the well-knolwoundary layer code
STANCOOL developed at Stanford University. A special versionT?’ANBCOOL, denoted
STANDEP, is supplied which prints output to a file which can bel rdmectly by
VAPOURDEP.

The input data file to STANDEP is unchanged from the originadam. However, it
should be appreciated that VAPOURDEP will only deal with plane-dweensional,
laminar and turbulent, external boundary layers. When specifying nijnat idata for
STANDEP, only those options should be employed which are compatithlehei possible
modes of operation of VAPOURDEP.

When running STANDEP, the following I/O streams must be connected :

UNIT 2  Output results file to be read directly by VAPOURDEP.
UNIT 3  Table of carrier gas property values for input to STANDEP.
UNIT 4  Output results file from STANDEP for printing.

UNIT 10 Main input data file for STANDEP.

When running VAPOURDEP, the following I/O streams must be connected :

UNIT 1 Input data file for VAPOURDEP.
UNIT 2  Results file output by STANDEP on UNIT 2.
UNIT 8  Output results file from VAPOURDEP for printing.



PROGRAM DETAILS

Carrier gas components

The mole fractions of the carrier gas components are specified by thesusput data
and it is assumed that the composition remains constant throughouowielfl. The
program will accept four components, numbered as follows :

Nitrogen (N)
Carbon dioxide (C£&)
Water vapour (kD)
Oxygen (Q)

N PR

The mole fractions of these components should sum to unity and their maar mass
should be identical to the mean molar mass used for the STANBIE&ation. It is up to
the user to ensure that this is so as no internal check is mgdel, and Q must be
present but Co&may be absent.

Sulphur and chlorine

The mole fractions of atomic sulphur and chlorine present (typio&ltyder 10°) are
specified by the user. The program then assumes that all sidppresent as SCand all
chlorine as HCI, numbered as follows :

5.  Sulphur dioxide (S§)
6. Hydrogen chloride (HCI)

Sulphur must be present but chlorine may be absent.
Sodium and potassium compounds

The mole fractions of atomic sodium and potassium (typically ofrot®¢) are
specified by the user. The program then calculates the gas-phasibrium composition
assuming the following species may be present :

1. Sodium sulphate (N&Oy) 5. Potassium sulphate {8Oy)

2. Sodium chloride (NaCl) 6. Potassium chloride (KCI)

3.  Sodium hydroxide (NaOH) 7.  Potassium hydroxide (KOH)
4.  Sodium superoxide (Nap 8.  Potassium superoxide (KO

Details of the gas-phase equilibrium calculations are given in Appendix 1.



Species conservation equations and method of soluti on

The derivation of the conservation equations for the sodium and potagsaames in
2D laminar or turbulent boundary layers can be found in Appendix 2. @nigeatration
diffusion is modelled and thermal diffusion is not included. The method oiticol
employed is a second-order accurate finite volume techniquaksaban Appendix 3. The
grid generation is described in Appendix 4.

Initial concentration profiles

The initial concentration profile can either correspond to the dlosy a flat plate with
zero pressure gradient (set IPROFIL = 0 in the input data) thetflow near a stagnation
point (set IPROFIL = 1). Whether the initial profile represeattaminar or turbulent
boundary layer depends on information automatically passed from thi[3HRA solution.

If a laminar profile is required, a similarity solution is gexted using the Falkner-Skan
transformation. If a turbulent profile is required, a special ghoeeis employed to generate
a profile which closely approximates the ‘concentration law ofwh#’. Details can be
found in Appendix 5.

Film cooling gas injection

Gas injection due to film cooling is computed by VAPOURDEP withasér
intervention as all film cooling information is automatically gt to VAPOURDEP from
the STANDEP solution. At each film cooling location, the diffusicalcalations are
temporarily suspended, only to be restarted downstream of the cogéntion holes with
freshly generated initial concentration profiles. The method usezldolate these profiles is
the same as that used to generate the initial concentratifile foo a turbulent boundary
layer on a flat plate and is described in Appendix 5. This appnsanbt ideal but it is
difficult to conceive of a scheme which will establish moreal®é restart conditions. It
should be noted that the addition of coolant alters the gas compositidimeavelues of the
diffusion coefficients but this is not accounted for in the calculations.

Calculation of the mass transfer coefficients

The mass transfer coefficients of the sodium and potassiunesei calculated both
by a differential method (evaluation of the concentration gradiethteablade surface) and
an integral method (rate of increase of the concentration thickAesejmparison of the two
results gives some indication of the accuracy of the finite voldieeretization. The
definitions and methods of calculation of the mass transfer ceeffsciand Sherwood
numbers are given in Appendix 6.



Surface boundary conditions

At the blade surface, a special thermo-chemical boundary condgioapplied
corresponding to the existence of a thin liquid or solid deposit. Thegonoren calculates
the composition of the deposit and the mole fractions of the sodium andipotapecies in
the gas at the gas-deposit interface. Knowing the differangroie fractions across the
boundary layer together with the mass transfer coefficients sltbe calculation of the
molar fluxes of the various species to or from the surface. Ithetparticular surface
temperature specified, it is found that the net sodium and potassixes fire directed away
from the surface, this implies that any deposit present wikJaporating. If, on the other
hand, the net fluxes are directed towards the surface then condemsthti@noccurring and
the deposit will be increasing in thickness. For one particuddue of the surface
temperature it will be found that the net fluxes of sodium and giatasare both zero. This
temperature is known as the dewpoint temperature. The interpnetsitihat, if the surface
temperature is above the dewpoint temperature, no alkali salt degb&tm on the blade.
Further details of the theory underlying the application of Heento-chemical boundary
condition can be found in Appendix 7.

Thermodynamic and transport properties

A list of the SUBROUTINES for calculating the thermodynanaiod transport
properties required by VAPOURDERP is given in Appendix 8.

Dimensioning of arrays

The dimensioning of arrays is controlled by the PARAMETER estants in
MODULE PARAMETERS. The following parameters are specified :

kstz = Maximum number of grid points across BL in STANDEP calculation.
nstz = Maximum number afstations along blade in STANDEP calculation.

kpz = Maximum number of grid points across BL in VAPOURDEP calculation.
ngas = Number of gas components.

nsalt = Number of sodium and potassium species.

nreac = Number of gas-phase chemical reactions.



INTEGER
INTEGER
REAL*8
REAL*8

UNIT 1 INPUT DATA
(Free format)

:: iequm, deposit, iprofil, kpoint

22 nprint, mprint, nprofil, mprofil, maxprofil

2 XN2, XCO2, XH20, XO2, XSULPH, XCHLOR, XSOD, XPOT
:: PCOMB, TCOMB, SCHTRB, TURBN, YWPLUS, BLINC

CHARACTER*70:: Cititle*70

READ (1,%)
READ (1,%)
READ (1,%)
READ (1,%)
READ (1,%)
READ (1,%)
READ (1,%)
READ (1,%)
READ (1,%)

Ctitle
PCOMB
TCOMB
XN2
XCO2
XH20
X02
XSULPH
XCHLOR
XSOD
XPOT
iequm

deposit

SCHTRB

Ctitle

PCOMB, TCOMB

XN2, XCO2, XH20, XO2
XSULPH, XCHLOR, XSOD, XPOT
iequm, deposit

SCHTRB, TURBN

iprofil, kpoint, YWPLUS, BLINC
nprint, mprint

nprofil, nprofil, maxprofil

Title of 70 characters or less (must be enclosed in quotation marks)
Combustor outlet pressure (’jn

Combustor outlet temperature (K).

Mole fraction of N

Mole fraction of CQ

Mole fraction of HO

Mole fraction of Q

Mole fraction of atomic sulphur (combustor outlet).

Mole fraction of atomic chlorine (combustor outlet).

Mole fraction of atomic sodium (combustor outlet).

Mole fraction of atomic potassium (combustor outlet).

1 - Full chemical equilibrium in the free-stream throughout turbine.
2 — Frozen sulphates in the free-stream.

1- Program assumes deposit is liquid.

2 — Program assumes deposit is solid.

Turbulent Schmidt number, assumed constant everywhere (usually 1.0).



TURBN =

iprofil =

kpoint
YWPLUS

BLINC =

The following

nprint =

mprint

nprofil =
mprofil =
maxprofil =

Value of parameterused to generate initial concentration profiles in a

turbulent BL after film cooling gas injection (see Appendix 5). Values of

0.7- 0.8 (depending on the Reynolds number) give accurate initial

profiles for flat plate boundary layers with zero pressure gradients.

0 — Initial concentration profile is a self-similar solution for a flatt@la

with zero pressure gradientlui,/dx = 0).

1- Initial concentration profile is a self-similar solution for a staigma
point flow (U.= CX).

1) The choice of laminar or turbulent initial profiles follows
automatically from information passed via the STANDEP output.

2)  Laminar profiles correspond to Falkner-Skan similarity solutions.

3) Turbulent profiles correspond reasonably well to the ‘concearirat
law of the wall’ in the inner part of the BL but should be tréate
cautiously.

4)  The input data value of iprofil refers only to the fistation. After
film cooling, iprofil = 0 is automatically selected.

Number of computational points across boundary layer (typically 50).

Value ofy, =yu: /v at first computational point next to the surface.

1) YWPLUS is used to establish the grid spacing normal to the blade

surface for both laminar and turbulent boundary layers.

2) Typically, YWPLUS = 0.+ 0.2.

3) Do not take the Schmidt numbers into consideration when choosing
YWPLUS as this is automatically handled by the program.

If the grid does not extend far enough from the bladéase, the first

action taken is to increase its extent by a factor BLINICthis is

insufficient, extra points are then added one by one. TypicallyN® =

1.02-1.05.

variables control output to UNIT 8 :

n — Printing of main results starts»astation n.
Note that first station is n=0.
m — Main results are printed every mastations.
mprint = 1 gives output every step.
n — Printing of concentration profiles startsxegtation n.
m — Concentration profiles are printed every xastations.
Maximum number of profiles to be printed (used to avoid large.files)



UNIT 2 INPUT DATA
(Fixed format, generated automatically by STANDEP)

INTEGER ..k, n, nxend, imode, ifilm, kdum
INTEGER, DIMENSION(nstz) .. intg, mfilm, kst
REAL*8, DIMENSION(20) . AUX1, AUX2, AUX3
REAL*8, DIMENSION(20) . AUX4, AUX5, AUX6
REAL*8, DIMENSION(nstz) .. X, UE, PE, CF, DEL1, DEL2
REAL*8, DIMENSION(kstz,nstz) :: YSTAN, ROSTAN, TSTAN
REAL*8, DIMENSION(kstz,nstz) :: USTAN, MUSTAN, EVSTAN
DO n=1, nstz

READ (2,200) nxend, imode, mfilm(n), intg(n), kst(n)
200 FORMAT (1X, 5I5)
READ (2,210) X(n), UE(n), PE(n), CF(n),
& USTAR(n), DEL1(n), DEL2(n)
210 FORMAT (1X, 7E12.5)
IF (mfilm(n) .GT. 0) THEN
READ (2,220) AUXZ1(ifilm), AUX2(ifilm), AUX3(ifilm)
& AUXA4(ifilm), AUXS5(ifilm), AUX6(ifilm)
220 FORMAT (1X, 6E12.5)
ENDIF
DO k =1, kst(n)
READ (2,230) kdum, YSTAN(k,n), USTAN(k,n), TSTAN(k,n),

& ROSTAN(k,n), MUSTAN(k,n), EVSTAN(k,n)
230 FORMAT (1X, 14, 6E12.5)
ENDDO
ENDDO
nxend = 0- More data to follow.

1 - End of data.

imode = 1- Laminar boundary layer.
2 — Turbulent boundary layer.
mfilm(n) = 0 - No film cooling.
> 0 - Initial profile after film cooling follows immediately.
intg(n) = x-station number as referred to by STANDEP.



kst(n) = Number of cross-stream boundary layer points for
STANDEP calculation at-station n (m).

X(n) = x-value at station n (m).

UE(n) =  Free-stream velocity at station n ().s
PE(n) = Static pressure at station n (Rm
CF(n) = Friction factor at station n.

DEL1(n) = Displacement thickness at station n (m).
DEL2(n) = Momentum thickness at station n (m).
AUX1(ifilm) = Film cooling blowing parameter.
AUX2(ifilm) = Film cooling temperature parameter.
AUXS3(ifilm) = Film cooling hole diameter (m).
AUXA4(ifilm) = Film cooling hole angle (degrees).
AUX5(ifilm) = Hole pitch (m).

AUX6(iflm) = Hole skew angle (degrees).

Various profiles ak-station n :

YSTAN(k,n) = y-value at point (k,n), (mm).
USTAN(k,n) = x-velocity at point (k,n), (m3).
TSTAN(k,n) = Static temperature at point (k,n), (K).

Carrier gas density at point (k,n) (Kg)m
MUSTAN(K,n) Dynamic viscosity at point (k,n) (kgta™).
EVSTAN(K,n) Eddy dynamic viscosity at point (k,n) (kg'aT).

ROSTAN(K,n)

10



OUTPUT OF RESULTS
(Printed on UNIT 8)

Section 1 :

Input data and basic information which is self-explanatory.

Section 2 :

Results generated by STANDEP. The interpretation of the headings is asfollow

n = Number ok-station.

L/T = Laminar or turbulent boundary layer.

X mm = xvalue in mm.

Ye mm = yvalue at outer edge of STANDEP computational grid.
Ye+ = Corresponding.ywalue.

Ue m/s = Free-stream velocity in m/s.

Pe bar = Static pressure in bar.

Te K = Free-stream static temperature in K.

Ti K = Blade surface temperature in K.

RHOe = Free-stream density in kg/m

VISCe = Free-stream dynamic viscosity in kg/m s.
U* m/s = Friction velocity in m/s.

Cf = Friction factor.

D* mm = Displacement thickness in mm.

TH mm = Momentum thickness in mm.

Section 3:

Results of vapour diffusion calculations. The interpretation of the headings isoassfoll

n = Number ok-station.

L/T = Laminar or turbulent boundary layer.

kp = Number of cross-stream computational points.

GP ratio = Grid geometric progression ratio (should be less than 1.2).
Te (K) = Free-stream static temperature in K.

Ti (K) = Blade surface temperature in K.

Tdew (K) = Local dewpoint temperature in K.

Na kmol/m2s = Net (atomic) sodium flux in kmof#n

K kmol/m2s = Net (atomic) potassium flux in kmofén

11



Species = Sodium or potassium compound.

Xe = Mole fraction in the free-stream.

%Na/K(e) = Percentage of sodium or potassium in this species in theréaest
Xi/Xe = Ratio of mole fraction at blade surface to mole fraction in foesas.
%Na/K(i) = Percentage of sodium or potassium in this species at bladeesurfac
Xdepos = Mole fraction in deposit.

L/S = Liquid or solid deposit.

Activ = Activity coefficient.

Schmidt = Schmidt number based on free-stream conditions.

Sherwood = Sherwood number based on distamecel free-stream conditions.
Km (m/s) = Mass transfer coefficient in m/s (differential cadtioh).

kmol/m2s = Molar flux of species in kmolfs) positive in away from blade surface.
NI/ND = Ratio of molar fluxes calculated by integral and differentiathods.

When boundary layer profiles are printed, the interpretation of the headingsli®was f

k = Cross-stream grid point number.

Y (mm) = Distance from blade surface in mm.

Y+ =  yu/v

U/Ue = u/u,

RO/ROe = p/p,

T (K) = Static temperature in K.

MU/MUe = u/u,

EV/MU = Ratio of turbulent viscosity to laminar viscosity.

PSIJ) = Species J dimensionless concentration, REl,=X,,) /(X ., = X;,) -

12



APPENDIX 1

EQUILIBRIUM OF SODIUM AND POTASSIUM SPECIES IN THE GAS PHASE

The gas components of interest age IO, SQ and HCI. It is assumed that the mole
fractions of these remain fixed. The presence of the OH radicahportant for the
equilibrium of the Na/K species and this is controlled by the chemicalaoeact

14,0+ Lo, = oH
2 4

which is assumed to be at equilibrium everywhere (with equilibriomstant<y). If p is the
mixture pressure an{ is the mole fraction of componeint

Xon = KpoXiz0 Xoz P (A1.1)

Consider now the equilibrium of the sodium species (the analysgofassium being
identical in all respects). The important species defining dngposition are assumed to be
N&SO,, NaCl, NaOH and NafThe relevant chemical reactions are,

NaO, + OH = NaOH + O, Kb = Kpa)
2NaO, + SO, = Na, SO, + O, Ke = Kpo)
2NaCl + SO, + H,0 + %oz = Na,SO, + 2HCI Ko = Kpo)

At combustor outlet, it is assumed that these m@a&tare at equilibrium. The following
eqguations can then be derived relating the motdifnas of the various sodium species,

Xnaon = AXyaoz A = Ky Xon Xos (Al.2a)
XNasu = eriaoz B = Kp2 Xsoz X612 P (Al.2b)
Xnac = € Xyaoz C = K%,IZZ K;§/2XHC| X,]lZ/CZ,X(S%M p4 (Al.2c)

where NaSu stands for p&0,. For fixed gas mole fractions, the coefficiedsB and C
depend only on the mixture pressyseand the temperature (through the equilibrium
constants). The total mole fraction of atomic satXy, is specified input data and is related
to the mole fractions of the sodium species byrétegionship,

Xna = 2Xnasu ¥ Xnact + Xnaon + Xnaop = constant (A1.3)

Eliminating the mole fractions of N8Q,, NaCl and NaOH gives the quadratic equation,

13



2B Xfaop + A+A+C) Xpaop — Xpa = O (A1.4)

a

which is easily solved foXnao2 Xnasu Xnaon andXyaci then follow from equations (Al.2)
above. If chlorine is abse = 0 and the equation fofya02 is still quadratic. If sulphur is
absenB = 0. The equation is then no longer quadratidibeianalysis still holds.

Between the combustor outlet and the freestrearthenturbine blade passage of

interest, chemical reactions may occur to alterdis&ibution of the various sodium species.
Consideration of the rates of the various reactguggest two possibilities, both of which
are available as options within the program :

1)

2)

Full equilibrium prevails in the freestream bktturbine blade passage. In this case,
the analysis is identical to that described abavteidcarried out at the local pressure
and temperature of interest.

The mole fraction of N&QO, is assumed frozen at the combustor outlet valuealbu
other species maintain their equilibrium concemdret. This is considered the more
realistic possibility because the formation of,8l@, requires the collision of two
sodium species which, given the extremely low cabedions, must be a
comparatively rare event. The analysis for frozeaS®, is similar to the full
equilibrium calculation but only two (rather thahrde) chemical reactions are
involved. This leads to the modified equation X@go2

L+ A+C) Xyaoe = (Xna=2XRass) = O (A1.5)
where X5, is the mole fraction of N8O, at combustor outlet.

The coding for the gas-phase equilibrium calcutetioan be found in SUBROUTINE

CHEMGAS. The equilibrium constants are calculatgdSWBROUTINE EQUMCONST,
the data for the Gibbs free energies of formatieimdp stored in MODULES CHEMDATA.

14



APPENDIX 2

SPECIES CONSERVATION EQUATION

The carrier gas is assumed to be a mixture §f@0D,, H,O and G, all of which
behave as semi-perfect gases. The partial pregsufegas componertis given by,

pRT

P = nRT = S0 = pRT (A2.1)
|
where, R = universal gas constant,

M; = molar mass of componeint

R = specific gas constant of compongnt

n, = molar density of component

p = partial mass density of component

T = static temperature.

The mixture as a whole also behaves as a semiepgds with pressumggiven by,
p = NRT = pRT (R}.

wheren = Zn; is the total molar densityg = Zg is the mixture density and = ZmR, is the
mean specific gas constamy (= o/p being the mass fraction of componéntThe mean
molar mas$ is given by,

M = ZXM, (A2.3)

where,X; = n/n; = p/p; is the mole fraction of componenandZX; = 1. The composition of
the gas mixture is assumed to be constant throughedlowfield.

Within the carrier gas there are a number of sodand potassium species present in
vapour form (NaSO4, NaCl, NaOH, Na@ K,SO KCI, KOH and KQ). The mole
fractions of all sodium and potassium species aseraed to be extremely low so that their
presence does not affect the calculation of theieragas properties. The values of these
mole fractions at the outer edge of the boundaygrlare calculated using the theory of
Appendix 1 using either the full equilibrium or f@n sulphate approximation. The problem
then is to compute the rate at which the sodiummotdssium species diffuse through the
boundary layer (which may be laminar or turbuleantyl deposit in liquid or solid form on
the metal surface of the blade. It is further as=airthat chemical reactions within the
boundary layer do not occur.

The thin shear layer approximation to the insta@ba&is conservation equation for

15



sodium or potassium specieis (neglecting thermal diffusion),

2 om)) + 2 (oumy) + L owm;) = 2 pp, I (A2.4)
ot ! ox 17 oy : ay oy
where, u = x-component of velocity,
v = y-component of velocity,
m = mass fraction of specigs

= diffusion coefficient of specigsn the carrier gas mixture.

D; is given by the kinetic theory expression,
1 X,
— =Y A2.5

where X; is the mole fraction of gas componeanand D; is the Chapman-Enskog first
approximation to the binary diffusion coefficierita/K specieg in gas component

00188207 1% (M, +M, )"
D, = —— ( : J] (A2.6)
po Qp M;M;
where, D; = binary diffusion coefficient (fg™),
M; = molar mass of gas component-
M; = molar mass of Na/K specigs-
T = temperature (K),
p = mixture pressure (N,
g; = mean Lennard-Jones length parameter (Angstrots)un

Qp = dimensionless collision integral.

For a turbulent compressible boundary layer, timean and fluctuating components
are introduced in the usual way. After Reynoldsragmg, equation (A2.4) takes the
familiar form,

o o ol _ om;
— D)+ — ) = —| p|\D; +D; |— A2.7
aX(,Oum,) ay(pvm,) ay{p( J t) ay} (A2.7)

where the overbars represent Reynolds averageditipgam@ndD; is a turbulent diffusion
coefficient.Dy is related to the turbulent viscospiyvia the turbulent Schmidt numbga;,

- M A2.8
S ot 2D, (A2.8)
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which is usually set equal to unity in the abseoiceore reliable experimental information.
Substituting equation (A2.8) into (A2.7) gives,

0, ___ 0 ,__ 0 (_ om;
&(pu m;) + a_y(,ovmj) = a—prDj +%]—J} (A2.9)

Because the sodium and potassium species are pogggnn trace amounts, the mass and
mole fractions are related by,

M _
Ialrvatdd (A2.10)
and hence,
P A TR S
—((puX;) + —(pvX;) = — D, +—|— A2.11
aX(p i) ay(p i) apr , s:t} oy ( )
For computational purposes, a scaled varigble defined by,
Wi = ﬂ (A2.12)
I Xe-X |

where subscripts o aneé refer to conditions at the wall and free-strearspestively.
Assuming ()Tj00 —)71-0) changes only slowly witk, equation (A2.11) then becomes,

2P+ P = %Kﬁo,— +%j%} (A2.13)
subject to, = 0 and¢. = 1. Hence, the variation @f across the boundary layer and the
corresponding mass transfer coefficient are indegen of the mole fraction difference
between the wall and free-stream. This is very iigm because it implies that, for each
species, equation (A2.13) has to be solved onakpaoe only, at eackstation. This is not
the case if thermal diffusion is included, howeusgcause it is then impossible to find a
scaling variable which results in an equation whecindependent o()?jm - )Tjo).
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APPENDIX 3

GRID GENERATION

The computational grid used by the program VAPOWRDis established by
SUBROUTINE GRID.

In order to obtain accurate definition of the camitation profiles (especially when the
boundary layer is turbulent) it is necessary to aseextremely fine grid spacing near the
wall as turbulent wall functions are not used ia talculation procedure. If, then, the grid
spacing normal to the surface remains uniform dkerwhole of the boundary layer, an
unnecessarily large number of points is requireccofdingly, a non-uniform grid is used,
the grid spacing increasing with distance fromwiadl as a geometric progression.

Only two parameters (specified by the user astidpta) are required to establish the
grid spacing normal to the wall throughout the renfliowfield. KPOINT is the total number
of grid points across the boundary layer includimgwall and free-stream points. For a
turbulent boundary layer, KPOINT = 50 is usualitisfactory. For a laminar boundary
layer, KPOINT =30 may give good definition bhbéte is actually no reason to restrict the
number of points as the calculation is cheap im$eof CPU time even when several
different Na/K species are present. The maximumbmarrof cross-stream grid points is
fixed in the program by the value of KSTZ in MODUEARAMETERS.

The other parameter specified by the user, YWPLUS the value ofy, =yu. /v
corresponding to the first point in the boundaryelaadjacent to the wallk(= 2). For a
turbulent boundary layer, this point should be eddeel deep in the laminar sublayer and a
value of YWPLUS = 0.1 or 0.2 is often satistagt The same parameter YWPLUS is
also used to establish the position of the pdirt 2 in regions of the flow where a laminar
boundary layer is present and experience showsathalue YWPLUS = 0.1 or 0.2 is also
satisfactory here. Whatever value is chosen, howeévées wise to examine the computed
profiles after running the program to ensure thadydefinition has been obtained in all
regions of the flow. (Note that the value of YWP&Ushould be chosen as if all Schmidt
numbers were unity. Adjustment for Schmidt numbetfser than unity is automatically
handled by the program.)

Although the grid spacing normal to the wall ubgdhe program VAPOURDEP will
be quite different from the grid spacing used byANDEP to generate the velocity and
temperature fields, no provision has been incluttedlter the spacing in thedirection
parallel to the wall. The grid spacing in this diien is always precisely the same as that
generated by STANDEP and boundary layer parametarputed at a giver-station by
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VAPOURDEP may therefore be compared with or combwwéh parameters computed by
STANDEP at the same location. The numbering systadopted for output by

VAPOURDEP corresponds exactly to that of STANDHi®, firstx-station being denoted by
n=0.

Calculation of the grid spacing normal to the walbceeds one-station at a time.
With reference to Fig. 1, it is assumed that thd gt x=x"" has been established and all
calculations at this location have been succegstainpleted. The first task in establishing
the grid atx=x" is to specify the value dofy, )., at the free-stream poirk = K. For n > 0,
this is initially set equal to the value <1§5/+)£‘o'1. However, for calculation of the initial
profile atn = 0, a special procedure is used which acknowkedie possibility that the
thickness of the concentration layer in a laminauridary with Schmidt number less than
unity may be greater than the thickness of theorgidayer.

The user-specified value @f/,)5 is now examined because of the possibility that th
maximum Schmidt number of all the species preseat Ioe significantly greater than unity.
This implies that theoncentration sublayer in a turbulent boundary layer is muchribr
than thevelocity sublayer. Should this be the case, the valugyg)s actually used in the
calculations is automatically reduced to ensuredgtefinition near the wall.

From the known values d@fy,)5 atk =2, (y,)s atk =K, and the value df itself, it
is now possible to calculate the rafbof the geometric progression which fixes the grid
spacing. The equation f&is,

(yo)a(R-D = (y)3(R**- 1

and is solved iteratively by the program using avidé&-Raphson procedure. The computed
value ofR defines the rate at which the grid spacing in@easvay from the wall and for
accurate calculations should not be greater thanThe local value is printed at eaxh
station in the output listing under the headingRBFP1O. ShouldR exceed 1.2, the remedy
is to specify a larger number of cross-stream goits.

With the grid established at=x", diffusion calculations for all species preserd ar
performed. The results are then examined to eritkatehe computational domain extends a
sufficient distance from the wall that all conceibn gradients at the outer edge of the
domain are very small. If this is not so, some Wbro& the concentration layers have
thickened to such an extent that it is necessaiga®ase the computational domain. As a
first attempt to overcome this problem, the valfigy, ), is increased by a factor BLINC
which is specified as input data by the user. Talhy¢ setting BLINC = 1.02 allows the
boundary layer thickness to increase by 2% at eastation while retaining the same
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number of cross-stream points and will encompasst rhoundary layer growth without
seriously distorting the computational mesh. Ifteafrecalculation of the concentration
profiles, the convergence criteria are still ndts$ied, extra points are added (one at a time)

to the outer edge of the computational domain.

Figurel: Non-uniform grid used by VAPOURDEP.
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APPENDIX 4
FINITE VOLUME SOLUTION OF THE SPECIES CONTINUITY EQUATIONS

The integration of equation (A2.13) is effectethgsa finite volume technique. In the
program VAPOURDEP, the calculations are performg@&bBROUTINE MATRIX which
is called from PROGRAM MAIN, the main control roog.

Initially, a computational grid is establishedséa®wn in Fig. 1 (Appendix 4) by calling
SUBROUTINE GRID. The procedure by which the grid generated is described in
Appendix 4 but it should be noted that the spaciegd not be uniform in either co-ordinate
direction to maintain formal second-order accurdtyhould also be noted that the grid
spacing in the-direction is identical to that used by STANDEP that the spacing in the
direction is quite different.

When, at eaclx-station, they-direction grid spacing is established, the valuetoa
velocity, density, viscosity, etc., required by ttaculation scheme are interpolated from the
STANDEP grid to the VAPOURDEP grid using a varialgewer spline curve fitting
procedure. This technique is not described heregdetails can be found in Soanes, 1976.
The relevant coding occurs in SUBROUTINES VPINTERPCOEFF, VPMATRIX and
VPSPLINE, the first routine being called directtpin PROGRAM MAIN.

The coefficients of equation (A2.13) can then bmputed for every grid point in the
flowfield. At any stage of the calculation, valuafsy are known at all grid points along the
line x = x"™* shown in Fig. 1. The problem then is to compughlues ofy along the line
x = X" for all nodes y=y;. (In the cross-stream direction, there &enodes,k = 1
representing the wall ankd=K representing the free-stream conditions respalgtiv

To obtain the solution, equation (A2.13) is tramsfed to a first-order partial
differential equation by defining a new varialgee dyi dy (the subscript having been been
dropped for clarity). The finite difference repretgion of the defining expression is,

o -wia) - Sl v - vi) = 0 (A3.)

an equation which is valid faz<sk<K .

Equation (A2.13) is then written in finite volum®rm by integrating over a
computational cell and applying Gauss's theoreris gives (for2sk<K),

21



Aol + o) - Rl vupd) +
GI V2l vt - ol uid) +
HE 2l v ) - Rl e dd) = o (A3.2)

The coefficients-, G andH are given by,

1 n— —n
Filiz = E(yl? - M?—l)(ﬂl? O + pl?—lukn—l) (for2<k=K)

k
G2 = ZF' L ZFirlI/Z (foe<k<K)
i=2
Hpv2 - %(Xn Sx A+ A (folsk<K) (A3.3)

where the variabld is defined by,

A = —(ij + %] (A3.4)

In the second of equations (A3.3%; -1z

condition of zero mass flux through the wall impli&;

is only defined for2sk<K. Fork = 1, the
n -1/2 _ O.

Equations (A3.1) and (A3.2) are written f@<k<K, thus providing a total of
(2K-2) equations for thek2 unknowns (i.e., the values ¢fy and ¢ for 1<k<K). The
remaining two equations are supplied by the boundanditions at the free-stream and the
vapour-liquid interface. At the free-stream,

g =1 (A3.5)
and at the vapour-liquid interface,

Y =0 (A3.6)
The solution of the equation set proceeds by mgigquation (A3.1) in the form,

Aqli-1 + Ao @1 + AWK t aud = s (A3.7)

where,
1 1
g =1, A ZE(YQ - Y|r<1—1) e Bl S ZE(YQ - Y|r<1—1)’ as =0 (A3.8)

Likewise, equation (A3.2) can be written,
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batk-1 + bod- + btk + bud = bes (A3.9)
where,
ba = Filys — G’
b, = - HKG'

bes = Rlyp + GFTY2

bys = (Fk 12+ G- 1/2)¢Ik_% + H 2+
etz + o 1’2)wk” T Hp gt (A3.10)

The finite volume equations (A3.7) and (A3.9),ater with the boundary conditions,
equations (A3.5) and (A3.6), can then be writtematrix-vector form,

1 0 0 W1 0
A1 8gp 83 Ay @n s
by1 by b3 by Yon bys
31 @83 agz dzyy @on 35
by by, s by S L T
g 2 A3 g |- s
by beo Bz beg || Y bys
i 1 0 [t | 1]

Equation (A3.11) is linear in they, and ¢ and is easily solved by a single pass of
Gaussian elimination. The relevant coding can b@dan SUBROUTINE MATRIX.
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APPENDIX 5
SPECIFICATION OF THE INITIAL CONCENTRATION PROFILES

The initial dimensionless concentration profilee @omputed automatically by the
program VAPOURDEP. Four possibilities are availabléhe user as follows :

1) Self-similar profile corresponding to a lamifmundary layer on a flat plate with zero
pressure gradient.

2)  Self-similar profile corresponding to a lamifglr near a stagnation point.

3) Profile corresponding to a turbulent BL on 4 filate with zero pressure gradient.

4)  Profile corresponding to a turbulent BL neatasgeation point.

Profiles 1 and 3 are chosen by setting the inptitlbke IPROFIL = 0. Profiles 2 and 4 are
chosen by setting IPROFIL = 1. The laminar and ulebt options are automatically
specified by the output data generated by STANDEP.

All the profiles are generated by applying the samansformation to the species
conservation equation (A2.13). A streamfunctiérdefined by,

ou = 6_\IJ oV = _O_LP (A5.1)
y 0X
IS given by,
W = (0oleX)" ey " T (X,17) (R5.
where,
n, _
dnp = (%] (i]x”_ldy (A5.3)
Heo Poo

For n = 0.5, it can be seen that the equations reduatigéocompressible Falkner-Skan
transformation. Applying the transformation to etipra (A2.13) results in,

i( ,O,U] 1| g S |9% ),
077 |\ Peolos )\ ST U ) on

ol 14 40N u) | d(in p.,) _[n—ljd(ﬁn,um) faéﬂj -y of 0y of ay
d(/nx) d(/nx) n ) d(/nx) on on ox 0x0n

] (A5.4)

where the overbars have been dropped for convenieDefining,
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v o denuy)

G (A5.5)

it can be seen tha¥l = 0 corresponds to flow over a flat plate witlhazpressure gradient
and M =1 to flow near a stagnation point (wherg varies directly withx). For M =0, it
automatically follows that,

d(fn pe) _ d(fnps) _ (A5.6)
d(/n x) d(/n x) |

Near a stagnation point, the velocity is low andfsoM = 1, equations (A5.6) also apply.

The laminar profiles are obtained by settif@/ox), =0, £ =0andn = 0.5 in
equation (A5.4) to give,

oY, oY,
i( PH } 1|9 |, (1+ M)l—w] =0 (A5.7)
07|\ Poo Moo )\ SCj ) 017 2 an
Transforming back to the,) co-ordinate system gives,
oY, oY,
91D, Wil s aem)EY (A5.8)
oy oy 2 oy
whereF = (,ooouoo,um/x)O'S f and
ou = x2F (A5.9)

ay

F is easily calculated by numerical integration gtigion (A5.9) subject to the boundary
condition F =0 aty = 0. The concentration profile is then obtainednlynerical solution
of equation (A5.8). The procedure used paralledg dmployed for the general solution of
equation (A2.13) and only necessitates the introdomf a few extra lines of code when
setting up the matrix coefficients in SUBROUTINE WMRIX.

Quite a good approximation for the initial turtntileconcentration profiles can be
obtained by suppressing thkedependence in equation (A5.4) and adjusting theevaf n
to give the required mass transfer coefficientegponding toM =0 or M = 1. Performing
the manipulation and transforming back to tkg)(co-ordinate system gives,

9l 5p, + 4| %% %
aprDJ +Sq] ay} +n(1+M)F y (A5.10)
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whereF = (0.U.)" (4 /X" and

pU = X— (A5.11)

Once the value of the parametehas been chosen, the method of integration ofteEmsa
(A5.10) and (A5.11) is identical to that for thenimar cases. (Note that the variationupis
obtained from the output of the STANDEP calculafjofror a flat plate with zero pressure
gradient, a value ofn = 0.62 is suggested on theoretical grounds loupractice, n =
0.7-0.8 (depending on the Reynolds number) gives somipemsults and is therefore
recommended. Probably a similar valuenofill also give a suitable starting profile near a
stagnation point but there is no information in literature to justify this hypothesis.

The generation of initial concentration profilesldwing a film cooling location is
performed exactly as described above, the flateptstro pressure gradient and turbulent
boundary layer options being specified automatychif VAPOURDEP. The parametar
can be adjusted to generate any value of the Slerwomber following gas injection which
is considered realistic. Currently, no informatignavailable in the literature to serve as a
guide and it is therefore suggested that valuesiaf 0.7-0.8 should be used at all film
cooling locations until further data is reportechvéver, in order to allow freedom of choice
for experimentation, the parametecan be specified by the user in the input datarevit
is denoted TURBN.
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APPENDIX 6

CALCULATION OF MASS TRANSFER COEFFICIENTS

The mass transfer coefficiektof Na/K specieg is defined in terms of the mass flux
at the blade surface by the relationship,
Kj P (Mjo =Mjs,) = =PgDj oy (A6.1)
[0}
wherem is the mass fraction of specig is the density of the carrier gas and subscripts o
and o represent conditions at the surface and freerstresspectively. An alternative
definition can be made in terms of the molar flyxtive defining relationship,
0X;
k] N (X]O - X]oo) = _nODjO a_y (A62)
(0]
whereX; is the mole fraction of specigsgndn is the total molar density of carrier gas. The
dimensions ok; are LT and its numerical value in equations (A6.1) anfl.2)is the same.
The dimensionless Sherwood number (based on destarecdefined by,

k] X
(h))x = D (A6.3)
joo
Two methods are used by VAPOURDERP to calculatevéthee ofk;. The first involves
the direct evaluation of the RHS of equation (3y)chlculating the gradient of the mole
fraction X at the wall from the computegk profile. This is referred to as the differential
method and values &f obtained thus are listed under the heading Km)(rim'she program
output. The second method utilises the boundamsyrlegegral relation,

d
Ki N (X jo = X o) = &[nwum(xjo—xjw)o*cj] (A6.4)

whereg, is a concentration thickness defined by,

Xjo X5 4 (A6.5)
ij_XjO y -

Usually, the values of; calculated from equations (A6.2) and (A6.4) ageevithin 1%.
Their ratio is listed under the heading NI/ND ire orogram output and the deviation from
unity gives some indication of the accuracy ofrtnenerical method.
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APPENDIX 7
EQUILIBRIUM AT THE GAS-DEPOSIT INTERFACE

At the blade surface, the program implements aiapéhermo-chemical boundary
condition which assumes the existence of a liquidsalid deposit on the metal. The
underlying assumptions and the theory is complekany a brief outline is provided here.
The main assumption is that the sodium and potasspecies in the gas phase directly in
contact with the deposit are assumed to be in théymamic equilibrium with each other
and also with the components of the deposit. Ifuisher assumed that the deposit is
composed of N&O, and KSO, only. At present, the user must choose, via tpetidata,
whether the deposit is to be considered liquidotids

Calculation of the equilibrium composition in thas phase is straightforward once the
mole fractions of Ng50O, and KSO, in the deposit are known. Denoting mole fractions
the gas phase by and in the liquid or solid deposit b the application of Raoult's law
with modifications for non-ideal behaviour and iodissociation gives,

(T
>(NaSu = yNaSu {pN%U()j Yl\?aSu (A7-1a)
(T
Xysu = Visu [pKS—;()j YKZSU (A7)1b
Yhasu * Yesu = 1 (A7.2)

where NaSu and KSu stand for S&, and KSO, respectively jasu and sy are activity
coefficients, py,s, and pys,are the saturated vapour pressures at the intetéaggerature
T (over pure liquid or solid as appropriate) gnds the mixture pressur&nasy and Ygsu
appear as squared terms because it is assumetiehdsSO, and KSO, are fully ionised
in the deposit, each contributing two cations pedissociated molecule.

The activity coefficients are obtained by assunangmpirical expression for the non-
ideal orexcess Gibbs function for a mixture of N&QO, and KSQO,. Manipulation of this
expression then gives the following equations fier activity coefficients,

RT(Vyas) = (0-Yyasd)*[A + @Vyas=DA] (A7.3a)

RTM(Vksw) = @-Yisu)?[A + 1-4Ys,)A] (A7.3a)

whereA, andA; are constants (different for liquid and solid $@ns).
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The equilibrium between the vapour species iseasprted by equations (Al.2),
evaluated at the interface rather than the fremasirtemperature. Thus, for the sodium
species,

Xnaorn = AXpaoz A = Ky Xon X2 (A7.3a)
XNasu = BXI%IaOZ B = Kp2 Xsop x(;lz P (A7.3b)
Xnacl = € Xyaoz C = Kiljlzz K;élszq XiHaX oyt p~4 (A7.3c)

For an assumed values ®fiasy and a given surface temperatudgyasy can be
calculated from equation (A7.1&na02Can then be obtained from equation (A7.3Naon
from equation (A7.3a) anBnac) from equation (A7.3c). A similar procedure gives mole
fractions for the potassium species. The codingtf@se calculations can be found in
SUBROUTINE THERMOCHEM.

Having found the gas-phase composition at therfade for an assumed deposit
composition, the molar fluxes of the various spedierough the boundary layer can be
calculated. Thus, the molar flux of spedidésom the surface is given by,

wherek; is the mass transfer coefficiemt, is the free-stream molar densitp/RT ), and
X andXj, are the mole fractions in the free-stream antetriterface respectively.

The total molar fluxes of atomic sodium and pdtassare now given by,
Ina = 2dnasu t Inact t Inaon T Inaoe (A7.5a)
Jk = 2ksy t Jkar t Jkon T Jkoz (A7.5b)

For steady-state deposition (or evaporation of»astiag deposit), the ratio of these fluxes
must equal the molar ratio of atomic sodium andgsiim in the deposit. Thus,

‘]Na - YNaSu (A7.6)
‘]K YKSu

The program therefore iterates on the valu&@k, until equation (A7.6) is satisfied, thus
establishing the composition of the deposit. Theation method used is a numerical scheme
known as the secant method. The coding can be fiotuBWBROUTINE INTERFACE.

The dewpoint temperature is defined as the suti@ogerature above which a stable
liquid or solid deposit cannot formé€., any deposit present will evaporate). At the dawp



temperatureJya — 0 and Jx —» O independently while still satisfying the requirent of
equation (A7.6). By iterating simultaneously on therface temperature and the mole
fraction of NaSQ, in the deposit (while assuming the local freeatremole fractions and
the mass transfer coefficients remain unalterddjs ipossible to calculate the dewpoint
temperature at eackstation. The iteration is carried out using a tvesiable Newton-
Raphson procedure with numerical evaluation of i derivatives required by the
scheme. The coding can be found in SUBROUTINE DEWHO
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APPENDIX 8
THERMODYNAMIC PROPERTIES

Routines for calculating the following thermodyrianand transport properties are
included in the program :

SUBROUTINE EQUMCONST
Calculation of equilibrium constants for all chealiaeactions. Gibbs free energies of
formation are stored in MODULE CHEMDATA.

SUBROUTINE DIFFCOEFF
Calculation of diffusion coefficients of Na/K spesiin a given carrier gas mixture using the
Chapman-Enskog first approximation assuming a Lehdanes interaction potential.

SUBROUTINE SATVAP
Calculation of saturated vapour pressures of patevapour over both liquid and solid
phases from empirical correlations.

All data for these routines are stored in MODULEEMDATA.
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