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SUMMARY 

The present work is concerned with the formation of 

alkali-matrix deposits on superheater tubes of coal-fired 

boilers arising from the combustion of high alkali content 

coals. The main contribution to the problem of these 

deposits is through mass transfer studies. 

Four salts, namely sodium chloride, potassium chloride, 

sodium sulphate and calcium chloride were investigated in a 

model combustor containing a single tube. The rates of 

deposition to the surface of the tube and the morphology of 

the deposits were studied with surface temperature, concen- 

tration of vapour and mainstream velocity as parameters. 

Flow model studies in a wind tunnel showed that at the 

Reynolds numbers under investigation, a laminar boundary 

layer formed on the front of the tube separating to give a 

turbulent wake. : 

The deposition rates of sodium chloride and potassium 

chloride were found to be predicted well by a heat/mass 

transfer analogy for the area beneath the laminar boundary 

layer - The nature of the two salts was found to be tempera- 

ture dependent and the fusion temperatures were up to 200° 

below their respective melting points. 

With sodium sulphate it was found that there was a 19% 

discrepancy between experimental and theoretical results 

calculated using a heat/mass transfer analogy for the area 

beneath the laminar boundary layer. The nature of the 

deposit was found to be dependent upon concentration as well 

as surface temperature. Fused deposits were obtained at 

temperatures up to 350°C below the melting point of the
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deposits e 

The observed condensation points for the three salts 

agreed well with previous workers' values. Deposition 

rates of the three salts in the turbulent wake were 

considerably less than was to be expected from a heat/mass 

transfer analogy. 

The results for calcium chloride indicated that it is 

unlikely to play any part in the formation of alkali-matrix 

deposits.
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1. 

SECTION 1 

As the efficiency of pulverised coal-fired boilers is 

of great importance in the present-day competition between 

fuels, the periods for which the boiler is out of service 

are of considerable significance. 

Boilers have to be taken out of service because of :- 

(a) The 'bridging effect! between the tubes caused by 

deposits growing out from the surface and joining. 

(b) A corroded tube. 

Both these phenomena are caused by the mineral matter in the 

coal depositing onto the tube surface. 

The main type and most troublesome of these deposits 

arising from the combustion of coal is called an alkali- 

matrix. Although the chemical and physical characteristics. 

of such deposits are extremely complicated, the deposits can 

be conveniently visualised as fine-grained aggregates of 

inert particulate matter, (comprising alumino-silicates, 

quartz, iron oxides, glass etc.) bonded by a cementing matrix 

rich in normal and complex sulphates of sodium, potassium and 

calcium. It is this bonding matrix which is thought to be 

the cause of corrosion, and bridging, by cementing the 

particles together. The chemical and physical aspects of 

these deposits have been the subject of the majority of 

previous research into deposit formation, while relatively 

little attention has been given to the mode of transport of 

the depositing material from the bulk gas stream to the tube 

surface. Hence it is considered appropriate to reappraise 

the problem of boiler fouling and to devise an experimental 

approach which would ;-



  

  

2e 

(a) Widen our understanding of the mechanism of deposition 

involved, and 

(b) provide quantitative data on the deposition rates of the 

alkali-metal salts to the tube surface which are likely 

to be of use to the operators and designers of boilers 

using deposit-forming fuels. 

 



  

  

Fouling Characteristics of Coal 
  

2el Bonded Deposits in Boilers 

2-1-1 Occurrence of Alkalis and Ghlorine in Goal 
  

The quantity and mode of occurrence of the alkali cations 

sodium, potassium and calcium, and of sulphur and chlorine in 

coals, is believed to be the prime factor in the formation of 

alkali-matrix deposits. Sulphur occurs in pyritic and organic 

forms in coal, and during combustion, appears as sulphur oxides 

in the gaseous phase. 

As the sodium content is not wholly water-soluble it has 

been proposed that sodium is associated partly with the 

chlorine in the coal substance and partly with ash-forming :con- 

stituents (Crumley & McCamley 1958). Using statistical 

analysis of data for Hast Midland coals, these workers demon- 

strated that potassium is almost entirely associated with 

adventitious shales (complex alumino-silicates). Confirmation 

of this relationship is given by Bishop, Cliffe & Langford 

(1967) who plotted the mean potassium contents of various coals 

used in deposition studies in a pilot-scale combustor against 

the corresponding ash values. The reasonable agreement 

between the results and the original curve of Crumley & 

McCamley shows that a direct relationship between potassium 

and ash contents is not confined to coals from the East Mid- 

lands and is probably true for most British coals. It is 

also probable that calcium occurs in the form of alumino- 

silicates though this has not been confirmed. 

The amounts of these substances found in coals vary con- 

Siderably from coalfield to coalfield. Tables 2.1 and 2.2 

give an indication of this variation and the proportion of



  

  

  

he 

these elements that are present. Table 2.1 shows a compa- 

rison of mainly East Midland coals, as selected by Bishop 

(1967). These coals were originally selected for as varied 

an ash/S/Gl content as possible. 

Daybell (1967), Durie (1963), and Boll & Patel (1960) 

have also given analyses of coale Table 2.2 shows a 

selection of their results. Daybell was concerned with 

coals in the East Midland and Leicestershire coalfield, Durie 

with Australian Brown Coals, while Boll & Patel dealt with 

central Illinois coals. 

In both Tables 2el and 2.2, the ash content has been 

included to give an idea of the relative proportions of solid 

material going into the combustion products. It should be 

pointed out that some of the highest and lowest chlorine, 

sulphur and alkali content coals have been selected from the 

extensive results of Daybell, while Table 2.1 contains 

average colliery figures, (extremely high or low chlorine, 

sulphur and alkali content seams can be found in collieries 

where the average content is much different). 

2el-2 Nature of Deposit 
  

As mentioned in the introduction, the type of deposit 

that forms the subject of this thesis is classified as alkali- 

matrix. 

This type of deposit is the most troublesome one to be 

found on the fireside of boilers and consists essentially of 

fly-ash particles bonded together with sodium and potassium 

sulphates. However, with Australian Brown Coal deposits, 

calcium sulphate (found in the form of anhydrite) seems to be 

one of the bonding materials (Proctor & Taylor 1966). An- 

hydrite has also been found in British coal deposits by 

 



  

  

  

  

  

  

  

  

  

    

Ash 
Coal Content} Calcium|Sodium} Potassium| Chlorine! Sulphur 

Ollerton 69 0.206 0.2 0.1 062 14) 

Langwith 68 0.165 Ol Ok 0.29 2 elt 

Rothwell 2507 0 1.66 0.2 0.7 0.22 5.5 

Hem Heath 162 1 Bees 1 eak 0.2 0.7 26 

High Ash 
Thoresby 17 9 0-73 04% 0.5 0.83 1.2 

Low Ash \ 
Thores by 5 0 0025 026 0 Ol 029 0.9 

Birch Conni te 10.8 0.208 0.07 0.12 Ol bh o3 

Welbeck 22.7 0.83 0.3 0.6 0.7 1.0               

Table 2-1 
Variation of Alkalis in a Selection of Mainly East Midlands 

Coals as used by Bishop (1967) 

(% by weight) 

 



  

  

  

  

  

  

  

  

  

    

Coal Ash Galcium |Sodium] Potassium] Chlorine] Sulphur 

Leicester-| 5.8 | Analysis| 0.18} 0.890 0320 | Analysis 
shire not not 

carried carried 
out out 

Leicester-|27+-5 | Analysis} 0.062 0 «030 0e130 | Analysis 
shire not not 

carried carried 
out out 

Notts & 8-6 | Analysis| 0-Ol| 0.15) 0 056 1.86 
N. Derby not 

carried 
out 

Notts. & 1.7 | Analysis| 0261] 0.000 0943 0.000 
N. Derby not 

carried 
out 

Pana 12.1 | Analysis] 06 0.191 0 666 bed 
(American) not 

carried 
out 

Wright 11.) | Analysis| 0.03 0.21 0.01 ed 
( American) not 

carried 
out 

Morwell n.5 | 0.48 03) 0.00 0 027 1.02 
(Austra- 

lian) 

Yallown 136 02134 0.06 0.00 0.07 0.18 
(Austra- 

lian)               

Table 2.2 

Variation of Alkalis in a selection of coals 

(% by weight) 

 



    

Bishop (1967), using X-ray analysis on the water soluble 

portion of the deposits. For a compound to be detected by 

X-ray analysis, it must be present in an amount greater than 

5% by weight. As alkali and alkali earth salts are more 

loosely bonded than other compounds in coal, then they will 

dissolve preferentially in water, so giving a more concentrated 

solution. Hence, it means that the anhydrite found by Bishop 

was in an amount less than 5% of the deposit, but greater than 

5% of the water soluble portion. 

In boilers, these deposits were found to be mostly reddish 

brown in colour and had a layered structure with an inner layer 

yellowish white in colour up to #" thick. Analysis of these 

deposits showed them to be mainly composed of complex alumino- 

silicates and iron oxides. 

However, it is difficult to obtain a true analysis of the 

deposits, because 

(a) The varying conditions under which a boiler is fired. 

(ob) Analysis techniques are not sensitive for detecting 

compounds . 

(c) Alkalis react slowly with the fly ash so there is little 

chance of them being found in boiler deposits. Thia is 

why deposits obtained from boilers are termed "fossil 

deposits". 

One factor that did emerge from analyses of boiler 

deposits was that the inner layer was found to be richer in 

alkalis than the outer one, which suggested that the initial 

deposition process was the most important. (The higher the 

alkali content, the more severe the deposit, as regards 

corrosion and bridging the tubes). This led Bishop (1966) & 

Bishop, Cliffe & Langford (1967) to study the initial deposits
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FIG 2-1 FOUR ZONES OFA BOILER TUBE (BISHOP i966)  



  
  

from burning those coals mentioned in Table 2-1 under 

cptwnstied conditions in a pilot scale combustor, burning at 

the rate of 10 kg/hr. 

It is proposed to discuss these results in some detail, 

as they provide an indication of the chemical and physical 

nature of the initial deposit, with reference to sodium and 

potassium salts. 

Bishop collected deposits on a 5.1 cm. O-D. tube, which 

could be split up into four zones circumferentially according 

to the amount of deposit present as shown in Fig. 2el. The 

deposit on Zone I was found to be mainly composed of fly-ash, 

with a particle size range from LO - 100 microns. This 

material was loosely adhering and could easily be brushed off, 

leaving clear boundaries with Zones II and III. This area 

is where the majority of the fly-ash impacts, so preventing 

any alkalis from condensing on to the surface. 

The deposit on Zones II and III consisted of a tenacious 

layer of material, covered with a thin layer of fly-ash. The 

majority of the particles in the tenacious layer were generally 

less than 1 micron in sizee Between these Zones and Zone 

IV, were marked separation lines due to the aerodynamical 

conditions around the tube (see Section 3.1). On Zone IV, 

the deposit was similar to that on Zones II and III. How- 

ever, the weight of deposit was considerably less, under a 

third of the total vets of Zones II and III. 

The chemical analysis of the deposit from Zone I showed 

little or no alkali enrichnent, mainly because it was fly-ash. 

Analysis of deposits from Zones II, III and IV showed that 

there was an enrichment of sodium and potassium compared with 

amounts present in laboratory prepared ash. However, it was
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_surprising to find that there was no enrichment of calcium 

in the deposits. Table 2.3 shows the average enrichment 

ratio for sodium and potassium obtained with each coal. 

From Table 2.3, it will be noticed that for low~ash 

Thoresby, two layers are indicated, also that enrichment 

ratios for the primary layer are far greater than for any 

other coal. With this coal, a dark brown glossy fused layer 

of deposit was observed close to the surface, which was termed 

the primary layer, and on top of this layer was an unfused 

less tenacious secondary layer. Incidentally, no primary 

layer was observed with the other coals tried. 

Analysis of the primary layer showed the following amounts 

of alkali salts to be present, assuming that all the chlorine 

was combined as sodium chloride, and that all potassium was 

combined as sulphate. 

Sodium sulphate 51 - 55 & 

Sodium chloride 5 - 8&4 

Potassium sulphate 8- 9% 

This assumption had to be made because chemical analysis of 

deposits only gave the cations and anions present. X-ray 

analysis had to be used to determine which compounds were 

present. Table 2.) gives a list of compounds found in 

deposits from which it will be noticed that potassium salts 

were not found in deposits even on low ash Thoresby, which 

means that if they were present, there was less than 5%. 

Also anhydrite was found in the water soluble portion of the 

deposits of certain coals. Water soluble samples were not 

taken for low ash Thoresby deposits. 

Anhydrite has also been observed in British boiler 

deposits by other workers. Carlile (1952) noted that some 
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COAL Potassium Sodium 

Primary | Secondary | Primary |Secondary 
Layer Layer Layer Layer 

Low-Ash Thoresby 5.0 38 lO 2 ehh 

Total Total 

Ollerton 209 30 

Langwith 1.3 225 

Rothwell 1.0 2.0 

Hem~Heath 1.5 2 oly. 

High-Ash Thoresby 205 42 

Birch Coppice 1.8 Le7 

Welbeck 225 Zel 

x 
Enrichment ratio is defined as the amount of Alkali 

cation in the deposit compared with that in a sample 

of laboratory prepared ash. 

Table 2.3 

Average Enrichment Ratios of Sodium and Potassium 

in Deposits formed from burning coals given in Table 2.1 

  
 



  

  

  

  

  

Coal Compounds Formed 

Ollerton Mullite, Feo0z, NapSO), 

Langwith Fea0z Fez0), 

Rothwell Mullite, Fea0z 

Hem Heath Mullite, Feo0z, Anhydrite (water soluble) 

  

High-Ash Thoresby Mullite, quartz, Anhydrite (water 
soluble) 

  

Low-Ash Thoresby Feo0z, NaS), , Nacl 

  

Birch Coppice Mullite, Fe20z, Anhydrite (water soluble ) 
    Welbeck   Mullite, quartz, Anhydrite (water 

soluble) 
    

Table 2 ol 

Gompounds Identified in Deposits Formed from 
  

Burning the Coals given in Table 2-1 
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deposits appear to be bonded by calcium sulphate rather than 

by sodium and potassium sulphate. Crumley et al (1955) 

supported this and provided the following extreme analysis 

of a pulverised-coal-fired boiler deposit showing the amount 

of calcium present; 

~ Cad &( ila, K)p0 $S0z, 

31.9 2 307 

They postulated that calcium chloride was formed in the 

gas phase from hydrochloric acid and calcium carbonate. It 

was then sulphated in the combustion gases, whence it would 

easily condense on to the tube. Due to the high calcium 

content (compared with sodium and potassium) of Australian 

Brown coals, calcium seems to form an important part in boiler 

deposits. Brown & Swaine (196).) found calcium and sodium 

enrichment in Brown coals. In a more rigorous analysis, 

Procter & Taylor (1966), using various microscopic techniques, 

found anhydrite (Caso), and Thenardite (NajSO), ) as thin films 

around fly-ash particles. They suggested that the calcium 

sulphate came from the fly-ash particles as the calcium content 

in the flue gas Was very small. 

Enrichment of sodium and potassium has also been obtained 

in American coals. Anderson & Diehl (1955) examined deposits 

from Central Illinois coals, and came to the conclusion that 

the inner layer was a mixture of alkali sulphates with pota- 

ssium aluminium sulphate, KA1(SO) )z, and sodium ferri sulphate, 

NazFe (SO), )z- They suggest that these were formed by a gas 

phase reaction of sulphur oxides with fly-ash. Adams & Raask 

(1963) have also shown these compounds to be present in 

British boiler deposits, together with potassium ferri 

sulphate, KzFe(S0), )3- 
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A reason for potassium salts appearing in boiler deposits, 

ieee enrichment occurring despite non-volatile forms, was 

suggested by Jackson & Ward (1956), and Jackson & Duffin 

(1963). They proposed that an exchange reaction between 

complex potassium alumino silicates (shales) and sodium 

chloride vapour resulted in the formation of condensable 

potassium catia e vapour. It must be remembered, as pointed 

out earlier, that most of the chlorine in coal is thought to 

be associated with the sodium. 

2el-4 Problems caused by Alkali-matrix deposits 

These deposits have three deleterious effects: 

(a) They interfere with heat transfer to the tube. 

(b) They cause a bridging effect between tubes, so increasing 

the pressure drop through a tube bundle. 

(c) They corrode the tube walls and support. (An example of 

corrosion caused is shown in Fig. 2.2 of a section 

through a boiler tube. The preferential corrosion on 

the upstream side is due to the increased deposition 

which is in turn due to the aerodynamic conditions, 

see Section 3-1). 

It is reasonable that these problems are related to the 

alkali content of the coal, i.e. the higher the alkali content, 

the more severe are all three effects. The effect of calcium 

content is less well defined, although it is thought (Anderson 

& Diehl 1955) that it could strengthen the bonded deposit. 

The sodium and potassium content is also believed to help 

strengthen the deposit, and so cause a bridging effect. 

Bishop (1966) notes that three main theories have been 

proposed to explain the corrosive action of these deposits. 

These are :-
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(a) That alkali pyrosulphates occur in deposits, and corrode 

steel tubes above 595°C (Crossley 1955, 1963). 

(b) That alkali sulphates and small amounts of sodium chloride 

condensing on the tube will corrode it. (Sykes & Shirley, 

19523; Edwards et al, 1962). 

(c) That molten complex sulphates, such as NazPe(S0),)z and 

KzFe(S0), )z form within deposits and migrate to the tube 

surface which they attack (Nelson & Gain 1959). 

All three theories place importance on the presence of 

alkali sulphates whether normal or complex, aiid the existence 

of a sticky, molten film. Deposit build up and corrosion 

will be greater, of course, with a molten film. Chlorides 

are inferred to play an important part in the corrosion and 

deposition process, as they can condense on to the tubes at 

normal superheater tube temperatures. Their conversion to 

sulphates explains some of the sulphates found on tube sur- 

faces. 3 

Of the three theories mentioned above, the first one ig 

least likely to be true, as it has not yet been proved that 

alkali pyrosulphates can exist in high temperature deposits. 

21.) Theories Predicting Fouling Characteristics of Coal 

As inferred previously, alkali chlorides appear to play 

an important part in the formation of alkali-matrix deposits. 

This is because being more volatile than sulphates, they are 

formed in the gas-phase whence they can be converted to 

sulphates in the gas-phase or condense on to the tube surface 

where the sulphation takes place. 

Crossley (19.8, 1952) first recommended the use of the 

chlorine content of coal as an approximate index on which the 

fouling properties of coal could be based. Marskell & Miller 
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(1956) questioned this to some extent, having found that the 

addition of hydrogen chloride to a pulverised-coal-fired 

combustor increased the rate of fouling. They suggested that 

this showed compounds other than alkalis were involved. 

For the chlorine index to give an accurate indication 

of the amount of alkalis present (i-e. the fouling character- 

istics), the ratio of chlorine to water soluble sodium or 

potassium should be approximately constant. It was found 

that this was not the case both by Boulton & Taylor (1963), 

and more recently by Daybell (1967), who found considerable 

variation in a representative cross-section of East-Midland 

coals. Similar evidence has also been provided from studies 

of American coals by Barnhart & Williams (1955) and by 

Abernathy, Gibson & Frederic (1965). However in one study 

Gluskster & Rees (196),) established that there was a direct 

relationship between the chlorine~-content and total alkali 

content of Illinois coals; that is, a high alkali metal 

content is associated with a high chlorine content. 

Crumley & McCamley (1958) proposed that the chlorine/ash 

ratio was better index of fouling than the chlorine index of 

Crossley. This was confirmed by Jackson & Ward (1956) who 

found that coals containing more than 0.5% chlorine are 

liable to cause fouling, particularly if less than 15% ash 

Was present. 

The ratio of soluble sodium/ash has proved to be a useful 

criterion of fouling for Leigh Creek brown coals in South 

Australia (C€.S.I.R.0. 1966). 

The idea of considering fouling in terms of the sulphur/ 

chlorine ratio evolved during studies by Crumley, Fletcher & 

Wilson (1955) of the possible contribution of calcium compounds
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to deposit growth. It was reasoned that sulphur and chlorine 

compete within the products of combustion from coal-firing for 

sodium and potassium, as well as for calcium, hence the sulphur/ 

chlorine ratio of the coal is likely to influence the relative 

amounts of sodium, potassium and calcium sulphate and chlorides 

in initial deposits. 

Bishop, Cliffe & Langford (1967) in pilot scale combus- 

tion studies found that corrosion worsened with the following 

contents of coal : 

(1) Increasing soluble sodium content. 

(2) Inereasing soluble potassium content. 

(3) Increasing chlorine content. 

(4) Decreasing sulphur content. 

(5) Decreasing sulphur/chlorine ratio. 

(6) Increasing chlorine/ash ratio. 

(7) Increasing soluble sodium/ash ratio. 

Their explanation of these variations were that a coal 

with a high soluble sodium content and/or soluble potassium 

content, both of which are broadly related to the chlorine 

content, will produce relatively large amounts of condensable 

potentially corrosive salts during combustion. A high 

sulphur content or high sulphur/chlorine ratio, indicated that 

the concentration of sulphur oxides in the flue gases would 

be high, thereby favouring the conversion of alkali-metal 

chlorides to sulphates, either within the gaseous phase or 

the deposits. The chlorine/ash ratio was originally derived 

from a consideration of the distribution of sodium in coal 

(Crumley & McCamley 1958); however, it may also be regarded 

as an approximate measure of the ratio of volatilised sodium 

per unit weight of mineral matter. The relative proportions
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of bonding material to comparatively inert, particulate 

matter in the deposits are indicated by the sodium/ash ratio 

of the coal. The calcium content of coals was not 

considered in their work. 

From this brief survey it can be concluded that no one 

ratio or content can determine the fouling and hence 

corrosive effect of coal. However, all the proposed 

theories tend to emphasise the formation of alkali-metal 

halides and their transfer to the tube surface.



  

    

SECTION 3 

Transport Phenomena in Deposition 

3-1 Aerodynamic Conditions around Boiler Tubes 

The flow patterns around the tubes play an important 

part in the amount and type of deposit formed. However it 

is difficult to state what these patterns are for a bank of 

tubes. Fig. 3-1 shows that after the first row there is 

considerable interaction between the turbulent wakes. Hence 

only the front row of a tube bank and even more specifically, 

a single tube in that bank will be considered as flow 

conditions are similar around each tube in that row. 

3-1-1 Operating Conditions in a Boiler 
  

The combustion gases approaching a bank of superheater 

tubes have a velocity of shact 7-10 m/s and temperature of 

1100°¢. The diameter of the superheater tubes is 5-1 cm. 

which gives a Reynolds number of about 4,000-3,500. The 

intensity and scale of turbulence are unknown but could well 

be high. 

5Ze1le2 Aerodynamic Conditions around a Single Tube 
  

At a Reynolds number based on the tube of about 3,500 

the flow conditions will be as in Fig. 3.2. A laminar 

boundary layer will be formed on the front of the tube and 

will separate at a certain angle 9, varying from 80°-110° 

dependent on turbulence, Reynolds number (Galloway & Sage 1967) 

and channel blockage conditions (Perkins & Leppert 1966) to 

give a turbulent wake. 

The intensity of turbulence affects transition from a 

laminar to a turbulent boundary layer; the higher the value, 

the earlier the transition at a specific Reynolds number. 

However, it has been found (Knudsen & Katz 1958a)that even
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with an intensity of turbulence of 11.5% and a Reynolds 

number of 39,000, the boundary layer was still laminar up 

to an angle of 90° from the forward stagnation point. An 

intensity of turbulence of 11.5% is unlikely to be exceeded 

in the region of superheater tubes in boilers. 

Scale of turbulence does not alter the flow conditions, 

in particular it will not affect the transition from a laminar 

to a turbulent boundary layer or the point of separation of 

the boundary layer (Hegge Zijnen 1958). 

3-2 Initial Stages of Deposition 
  

From Section 2 it can be concluded that alkali-matrix 

deposits are a matrix of condensed alkali vapours and fly- 

ash particles. The essence of the problem now is how do 

these vapours and solid particles arrive at the surface. 

This section reviews the possible mechanism of deposition 

together with theories of deposition that have already been 

proposed. 

5-2-1 Theories of Deposition 
  

Numerous theories have been postulated for the initial 

stages of deposition. These have been summarised by Bishop 

(1966) as follows :- 

ks That the initial deposit consists of powdery fly-ash; 

alkalis and sulphur oxides diffuse through the fly-ash 

to the tube surface and eventually form the inner layer 

(Anderson & Diehl 1955), 

ae The initial deposit consists of molten and partially- 

molten particles of fly-ash, which have been impacted on 

to the tube (Jonakin, Rice & Reese 1959). 

3- The alkali oxides (Na,0,K,0) condense on to the tubes and 

are converted to sulphates and pyrosulphates by sulphur 

   



  

    

oxides in the gas stream. 

Sulphates and pyrosulphates condense on to the tubes to 

form a molten matrix, which collects the impacting 

particles of fly-ash (Crone 195; Carlile 1952). 

That there are two distinct stages in the formation of 

deposits. The first is the process by which particles 

cohere to form composite airborne aggregates or deposits 

on boiler tubes. The second is the process of growth 

of anhydrite and thernardite around and between fly- 

ash particles, especially those lodged on boiler tubes 

(Proctor & Taylor 1966). 

All of these theories explain the chemistry of the 

formation of deposits but do not explain the actual mechanism 

of transfer to the surface other than by impaction. 

3+2+2 Mechanisms of Deposition 
  

There are four principal mechanisms for the deposition 

of particles and vapours onto a cooled surface. These are:- 

‘ 

2% 

3% 

a 

Inertial Impaction. 

Concentration Diffusion. 

Thermal Diffusion. 

Electrostatic Precipitation. 

There are also two other possible mechanisms of deposition: 

pressure diffusion and forceddiffusion, both of which are 

unlikely to contribute to the formation of boiler deposits. 

Pressure diffusion only occurs under a very great pressure 

gradient, while forceddiffusion only occurs in ionic systems 

(Bird et al 1960). Neither of these conditions are likely 

to occur in the vicinity of boiler tubes. 

Only binary vapour mixtures are considered in the following 

review as the flue gas from the combustion of coal contains  
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FIG 33. CONCEPT OF IMPACTION EFFICIENCY  
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extremely small amounts of condensable vapour (approx. 0.2% 

by weight). This point has particular relevance in the 

sections on concentration and thermal diffusion. 

3e2e2-1 Inertial Impaction 
  

This mechanism is due to the inertia of the particles, 

which causes them to deviate from the flow Lines around a 

tube and impact on it. 

The efficiency of impaction is defined as the ratio of 

the number of particles of the same size striking the surface 

of the obstacle to the number of particles that would strike 

it if the flow lines were not diverted by the obstacle. This 

concept is illustrated in Fig. 3.3. For a tube, the 

efficiency is equal to S' where 4! is the limiting width 

of the flow lines kao which all particles of the same 

size collide with the tube, and ‘d, is the diameter of the 

tube. However, this concept is rather difficult to use 

mathematically because of trouble in calculating 'd' °. A 

more convenient function called the impact number, I, first 

introduced by Sell (1931) is usually used for correlating 

impaction efficiencies. The impact number being dimension- 

less provides a better means of comparing the behaviour of 

particles in different systems. It is obtained from 

solution of the equations of motion of the particle around 

the tube. (In the case of a tube, this is an approximate 

solution). 

In the region of the stagnation point, there exists a 

limiting solution which specifies a minimum value for I of $ 

for a finite efficiency of impaction. This critical value 

of I means that there will be a lower limit on the size of 

particles reachi the surface. However, the condition is ?
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not entirely true because particles have a finite size and 

impact whenever their trajectories approach within a distance 

of dif/4 of the collector surface. The effect is called 

"interception" and is only large when the collector size is 

small. The magnitude of interception can be calculated 

using the following equation of Chen (1955) :- 

1 2 bbe eh - a 

F Le & 3 ol 
a 

c 

1
 

  

4 

The impact number can most conveniently be expressed in 

the following form, given by Taylor (190) :- 

2 tine "1 / tie s 
9 x een Re,c 

Although other forms are quoted in the literature, they can 

usually be converted into this dimensionless form. 

In Fig. 3, the experimental results of Sell (1935), 

Albrecht (1931), Ranz & Wong (1952), Stairmand (1950), and 

Langmuir & Blodgett (19lJ,) are compared with the theoretical 

results of Langmuir & Blodgett (19). It should be 

mentioned that in Sell's theoretical analysis, he obtained a 

critical impact number of zero due to the fact that he took 

no account of the boundary layer. 

Langmuir & Blodgett (19lJ)) calculated and measured 

experimentally the impaction efficiencies of small water drop- | 

lets in air moving at high velocities across a tube. The 

real value of their extensive calculations is that they 

present graphs of @, the angle from the forward stagnation 

point beyond which no impaction occurs as a function of a 

variable K, for various values of a dimensionless parameter 

@ where



  

    

Hence the amount and distribution of particles that impact 

over the surface of a tube can be calculated for given con- 

centrations in the main stream. They also give graphs of 

overall efficiency of impaction as a function of K, for 

values of the parameter ¢ , and efficiency at the stagnation 

point as a function of K, for a number of values of ¢. 

Bishop (1967) considered the inertial impaction of fly- 

ash particles from the combustion of coal onto a cooled tube 

using the critical impaction number curve of Langmuir & 

Blodgett (19l,). He used the data obtained by Thorne & Watt 

(1962) for ash from Gliff Quay Power Station to provide the 

size distribution of fly-ash in the flue gas» Table.3.1 

gives the overall impaction efficiency for a number of actual 

size fractions of the fly-ash. As can be seen, anything 

less than 20 micron will not impact. Bishop's calculations were 

carried out for typical conditions around a superheater tube, 

namely 

72 m/s 

Gas temperature : 1000°¢ 

Gas velocity 

Tube diameter : Sel cm. 

No mention has been made of impaction in viscous flow 

(low Reynolds number), as this type of flow is never 

encountered in boilers. 

302+2-2 Concentration Diffusion 
  

This mechanism sometimes referred to as ordinary diffusion 

drives a species from a region of high concentration to one of 

low concentration due to the concentration gradient. Although 

concentrations of the diffusing substances are likely to be



  

  

  

  

  

          

Size Distribution of 1 
Cliff-Quay Fly-Ash Target oe 

Efficiency Tw 
Size Amount of size (from 
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is Target efficiency is defined as the fraction 
of the particles in the system that impact 
onto the tube. 
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small in a boiler, particularly of condensable vapours, the 

concentration gradient will occur across the concentration 

boundary layer which will be of similar proportions to the 

velocity boundary layer. For a laminar boundary formed on 

the front of a tube in typical boiler conditions the velocity 

boundary layer has been found to be of the order of 1 mn. 

thick (see Appendix 43). Hence high concentration gradients 

will occur in the tube banks of a boiler. 

The discussion of this mechanism will be divided into 

three parts reviewing diffusion of vapours in laminar flows, 

diffusion of particles in laminar flows and the diffusion in 

turbulent flows respectively. 

(a) Laminar Diffusion (Vapours) 
  

The mass flux for diffusion of vapours is given by Fick's 

law which for a one dimensional system can be formulated as, 

ae 

mo PPL2 3 +3 

The diffusivity Di 2 can be calculated from the kinetic 

theory. Gilliland (193l,) derived the following equation from 

a simplified kinetic theory assuming perfectly elastic, rigid 

spheres :- 

Dio = 0.003 #2 i Vee 3 ol 

14° Vr ie... © 

A more rigorous equation given by Hirschfelder, Curtiss 

_& Bird (195),) takes into account the attractive and repulsive 

forces between molecules. To a first approximation the 

result is, 

vehi, * 3) B45 =.5.% ow. Teh 3 565 
P@ * 3 Q 

where 

       



  

  

i The collision integral Q is a function of 

  

at 2- 

these flux terms can be evaluated for a limited number of 

elements and compounds using the tables of Hirschfelder, 

Curtiss & Bird (195),). 

Wilke & Lee (1955) gave the foliowing improved form of 

Mi ) 
i 4 aly 3 . & 

E52 

h ? ‘a 
where — Sa eheab ss 

equation 3.5 

ig 
  

a My Mp 

The modification takes into account the dependence of 

diffusivity on molecular weight. 

(b) Laminar Diffusion (Particles) 

Very small particles less than 5 microns will also 

diffuse along a concentration gradient in a similar manner 

to the vapour. This diffusion is sometimes known ag 

Brownian Motion due to the fact that it was first noticed by 

Robert Brown in 1827. 

These small particles can be considered as exceptionally 

large and massive molecules, hence Fickts law can be applied 

to the calculation of the mass flux. The problem is then 

reduced to the calculation of the diffusivity By 2° 

Einstein (1905) applying Stokes! law obtained the 

following equation for diffusivity :- 

D2 = kt 3s 
Fee By 

  

He assumed that the particlé under consideration is large 

compared with the mean free path of the gas molecules, hence 

the gas can be treated as a continuous medium. Stokes' law



  

  

is only strictly applicable to particles greater than 

3 microns in size. For smaller particles the Cunningham 

correction factor has to be used to account for discontinuities. 

Equation 43.7 becomes :- 

  

Dio = (1 4 2a, 4/dyz) 38 

a. CU a5 

where, 

a = A+ mip a) 

A,» By, and ¢ are constants (Knudsen & Weber 1911). 

Several investigators have measured A, B and ¢ (Millikan 

1923 a & b, Maltauch 1925, Monch 1923) and the mean values 

have been deduced from their results by Langmuir (192). 

Langmuir's values have been corrected to the present accepted 

value by Green & Lane (196),). Using these corrected values, 

Samms & Watt (1966) gave the values shown in Table 42 for 

the function (lit2a, faz) against various ratios of particle 

diameter to mean free path. 

Using these values of (1 + 2a,A /dy), the validity of 

equation 3.8 has been demonstrated by Samms & Watt (1966) 

who calculated the diffusivity from this equation and the 

diffusivity from the kinetic theory for a specific collision 

diameter. It was found that the atametae of the particle 

was approximately twice the collision diameter when the two 

diffusivities were equal. 

For small particles when the mean free path is large 

compared with the size of the particles,a more exact approach 

is to use the kinetic theory of Chapman and Enskog (Chapman 

& Cowling 1952). Using his theory Chapman (1962) and 

Chapman & Mason (1963) considered a gas mixture composed 

of particles of highly unequal masses in which the lighter
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particles were in large excess. This type of mixture is 

named Quasi-Lorentzian (Mason 1957) and approximates to the 

case when a small concentration of minute particles is 

diffusing through a gas. For a Quasi-Lorentzian mixture 

the transport properties can be expressed in relatively 

simple terms. 

If the collisions are perfectly elastic the following 

equation describes the diffusivity of the particle :- 

D = 3 (xpp\ * 1 3.9 1,2 or | My). raetQ 

Chapman and Mason assumed that a fraction f 6f the 

colliding molecules rebounded diffusely, only the direction, 

not the speed, being altered, the rest rebounded specularly. 

For this model they showed that the collision integral 

reduced to :~ 

Q * 1+ bs 3.10 

Waldmann (1959) treated the problem of small particle diffusion 

differently. Using an earlier approach of Epstein (192) he 

calculated in detail the force on a particle by adding up all 

the impulses transferred to it by the colliding gas molecules 

using the known Chapman-Enskog velocity distribution for a 

gas not in equilibrium. The main difference between 

Waldmann's and Epstein's work was that Epstein treated the 

collisions as being diffusely elastic, whereas Waldmann 

supposed that a fraction of the molecules, a,were diffusely 

reflected with a random distribution of speeds, the rest being 

specularly reflected. 

Waldmann's treatment gives a similar result for the 

diffusivity as that of Chapman and Mason, the only difference 

being in the value of the collision integral Q.
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For Waldmann's approach :- 

Qs l+art Ze1l 
8 

When all the collisions are specular (s = 0, t = 0), 

the collision integrals are the same. The two values 

differ slightly for equal values of s and t between O and 1; 

however, Chapman & Mason (1963) found that the maximum 

difference was only 3.7%. 

Waldmann's treatment is the more exact and is confirmed 

by the experimental results of Schmidt (1959). However, 

Chapman & Mason (1963) considered that their method was more 

convenient because of the complicated evaluation of Waldmann's 

collision integral. 

(c) Turbulent Diffusion (Bday Diffusion) 
  

It is not proposed to discuss this mechanism in great 

detail because as it will be shown later, the emphasis of 

this thesis will be based on transfer through a laminar 

boundary layer. Also, the discussion will be mainly 

concerned with vapours, as little work has been done on the 

eddy diffusion of particles. 

The rate of eddy diffusion can be much larger than that 

due to laminar diffusion under similar circumstances and has 

been found to be as great as 100 times (Sherwood & Woertz 

1939). Eddy diffusion depends on the nature of the flow, the 

‘type of substance involved, and the concentration gradient. 

Hence the intensity and scale of turbulence of the flow are 

important. Inclusion of the nature of flow into the 

mechanism renders the mathematical approach more difficult, 

consequently most of the theoretical approaches have been 

obtained with the help of analogies. The basis of these is



  

that the eddies transferring mass also cause transfer of 

heat and momentum. 

Two of the more accurate analogies have been formulated 

by Prandtl & Taylor and Diessler (Bird et al. 1960). 

Prandtl & Taylor obtained the following equation, based 

on the model of eddies moving around in a fluid similar to 

molecules moving about in a gas :- 

2 du de 

where 1a, is termed a mixing length and is analogous to the 

m’ ss «1 

  

mean free path used in the kinetic theory. 

The main resistance to eddy diffusion is a thin layer of 

fluid near the wall, termed the laminar sublayer because flow 

in it is assumed to be mainly laminar. Deissler proposed 

the following equation for transfer in this region:- 

“" Ps 
m = nam uy 1 - exp(7%c BY _ | de 313 Cc v ay 

where a, is a constant determined empirically by Deissler as 

0.12). 

502.2-3 Thermal Diffusion 
  

Thermal diffusion is the mechanism which drives small 

particles and vapours along a temperature gradient due to 

differential bombardment. This mechanism will be of 

relevance for mass transfer to boiler tubes as severe 

temperature gradients exist in their neighbourhood. As the 

thermal gradient will exist across thermal boundary layer 

which is of similar magnitude to the velocity boundary layer, 

gradients of the order of 500°C/mm can be found. 

Enskog (1911) and Chapman (1912) independently established 

a general theory of thermal diffusion and obtained a law 

similar to that of Fick's for concentration diffusion to



  

    

describe the mass transfer rate namely :- 

ek SS ed 31h 

where Da is the thermal diffusion coefficient. 

In practice Dn is replaced by the thermal diffusion ratio 

Kin » which is defined as :- 

a = Dp 315 

Di ,2 

As in a mixture of substances the thermal diffusion ratio 

kn, is strongly dependent on the product Ay 9 5 40 (for a 

binary mixture), a new term, the thermal diffusion factor, 

has been introduced which for a binary mixture is :- 

Qs kin 
7 el6 

™ 0720 

The thermal diffusion factor is still dependent on the relative 

proportions of the components present but to a much lesser 

extent than is Kne 

Thermal diffusion is mathematically the most complicated 

of the gas transport phenomena due to the dependence of the 

direction of the relative motion on the nature of the molecular 

collisions. In general the heavier molecules or particles 

diffuse down the temperature gradient. Exceptions arise 

when the mass difference between the two species is small, 

then the extension of the molecular fields can become the 

dominating factor resulting in the heavier molecules diffusing 

up the temperature gradient. Such a reversal has only been 

observed with components of close molecular weight, for example 

@ neon-ammonia mixture (Grew 19);). 

(a) Evaluation of 'a@! for Vapours 
  

The theoretical expressions for ‘a@: are complicated even 

to a first approximation. However for three types of gas 
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mixture the theory is less complex than in the general case. 

The simplest of the three mixtures is an isotopic mixture in 

which the interactions of like and unlike molecules obey the 

same law. 

Chapman & Cowling (1952) gave the following first 

approximation of a for an isotopic mixture of rigid 

elastic spheres:- 

P= 28 3617 
2 a+ “119°. | F565 “12% 0%p 

where Ny 9 % 6 are the volume fractions of the two components 
2 ed 

and the quantities S and Q are as follows:- 

1 345 M Boe \.2 sia i 12% ee = it Tis M7 ae i; (“3] Sele. a 

seats UE) tee)" 1 (haf * ee | 
o > me 128 (be Ps Bh tase (8) ide) 

and j = 1 or 2 when i = 2 orl respectively. 

o is the molecular diameter. 

The second type of gas mixture for which the theory 

simplifies is named a Lorentzian mixture in which the mass of 

one species is very large compared with that of the other, 

and at the same time either the proportion of the heavier 

species or its relative size is very large. This means that 

collisions between lighter molecules are negligibie. Although 

evaluation of ‘a is possible the formulae are far more 

complicated than in the isotopic case and must be evaluated 

in successive steps. These formulae given by Chapman & 

Cowling (1952) are not stated here because their complexity 

renders them less useful than the equation obtained from the 

third type of gas mixture. This type of mixture is named
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Quasi-Lorentzian and has been mentioned previously in 

Section 3.2.2.2. It can be shown (see Appendix 5) that by 

using the method of Chapman (1962), @ is given to the second 

approximation as:- 

oe eee fet 5.18 
16 J/2 do M. + My 

x 

for the case of rigid elastic spheres. 

A gas containing a small concentration of a polyatomic 

gas is the closest approximation to a Quasi-Lorentzian mixture, 

though any gas mixture in which the lighter molecules are in 

large excess can be better considered as a Quasi-Lorentzian 

mixture than either an isotopic or a Lorentzian mixture. 

(bo) Evaluation of ‘a! for Small Particles 

Chapman (1962) and Chapman & Mason (1962) calculated 

the thermal diffusive force on smali particles using a similar 

approach to the calculations of the concentration diffusive 

force of particles. Again they used the model of a Quasi- 

Lorentzian gas which gives the thermal diffusion factor as:- 

16 f2 or) 

Waldmann (1962) applied his approach (see Section 4-2.2.2) 

to the calculation of the thermal diffusive force on small 
\ 

particles. Both his, and Chapman's and Mason's equations 

were similar, namely:- 
2 a 

Pe a eee Pepe ae 5 «20 

In Waldmannts derivation the factor _2 is equal to unity, 
Q! 

whereas in the Mason-Chapman derivation it is equal to 

Cat @) ta Ha] Me te (Chapman 1902), this ratio 

can differ significantly from unity if s is not smali. 

Whereas the Waldmann and Mason-Chapman collision patterns give 

 



  

closely similar results for concentration diffusion of 

particles, the difference when thermal diffusion is taking 

place can be large. This difference arises because thermal 

diffusion, as mentioned previously, depends on the precise 

nature of the interactions at collision. 

When the diameter of the particles becomes greater than 

the mean free path of the molecules of the surrounding gas, the 

particles cannot be treated as darge molecules. For this case 

the thermal diffusive force can be calculated from a solution 

of the hydrodynamical and convective diffusion equations. 

Epstein (1927) obtained the following relationship for the 

thermal force on a particle:- 

F = -17.9 dpa Ky ar 3021 

Equation 3.21 takes into account both the kinetic. and hydro- 

dyuamic consequences of heat transfer through the particle. 

General agreement with the expression has been found 

experimentally by Saxton & Rang (1952) and Rosenblatt & La Mer 

(196). 

Using the fact that u «= gF where q is the mobility of the 

particle g = kT, the mass flux can be found by substituting 
1,2 

for F in Equation 3.21 to obtain the velocity of the particles 

and then multiplying by h p__, the result being :- 

nm dy= 

B® = B.5> a,” (1+ Query...) Ik *9 1 ad "/ a1 1 
ek, wT 7. 

5 022 
  = 

dx 

302-20], Hlectrostatic Precipitation 

Electrostatic precipitation arises due to the attraction 

and repulsion of electrostatic charges on particles. Haase 

(1962) and Min et al (1963) have shown that charges can be built 

| 

|  
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up on clouds of particles in motion. However Little work has 

been done to determine their effect on causing boiler deposits. 

Only Gabler (1963) has made a detailed study in a boiler, and 

although he found large positive potentials could be obtained, 

he was unable to show that they were one of the mechanisms 

of the deposition process mainly because he could not find 

any charge on the flue gas in the immediate vicinity of the 

superheater. This suggested that the conductivity of the 

gas (highly ionised at high temperatures) prevented the 

build up of any potential and hence no attractive forces 

could arise. 

A more direct test of the possible magnitude of electro- 

static precipitation effects was carried out by Pereles (1958), 

investigating the deposition of dust in mine galleries. He 

showed that at a distance of 1 cm- electrostatic forces could 

only contribute 1% of the total deposition under his 

conditions. 

3-4 Methods for Determining Deposition Rates 
  

In this section methods are reviewed for assessing the 

important mechanisms of deposition quantitatively with special 

reference to the flow conditions that can be defined in a 

boiler tube bank. 

3+53+l General Approach 

From section 4-2 it can be concluded that there are 

three principle mechanisms for the transfer of vapours and 

particles to the surface of a tube namely, inertial impaction, 

concentration diffusion and thermal diffusion. 

As no existence of appreciable potentials have been found 

in the neighbourhood of boiler tubes it is assumed that 

electrostatic precipitation will contribute little to the 

total deposition rate. 
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Particles which are transferred to the tube surface by 

inertial impaction can be calculated from a known size 

distribution of fly-ash in the flue gas and use of the graphs 

presented by Langmuir & Blodgett (19). The mass flux of 

particles small enough to be considered as large molecules, and 

vapours reaching the surface by Weuseuteation and thermal 

diffusion can be calculated for a two-dimensional laminar or 

turbulent boundary layer. However the solution of the relevant   equations is extremely complicated if coupling of the fluxes is 

assumed, so a simpler approach is to consider the two diffusion 

mechanisms separately. The solution of the equations describ- 

ing thermal diffusion is still complicated, hence as concentra- 

tion diffusion is the dominating force, an approach used by 

Baron (1958) will be reviewed in which the magnitude of the 

thermal diffusive flux compared with the concentration 

diffusive flux is evaluated and the concentration diffusive 

flux is obtained from solution of the mass transport equations. 

Emphasis is placed on an evaluation of the flux rates for 

a laminar boundary layer because the only definable flow 

conditions in a boiler exist in the front row of the tube bank 

where a laminar boundary layer is formed on the front of the 

tube separating to give a turbulent wake. 

It is not possible to solve the partial differential 

equations describing the concentration diffusive flux and 

thermal diffusive flux in the turbulent wake of a tube because 

of flow recirculation in that region. 

3°3+2 Calculation of Concentration Diffusion Rates through a 

Laminar Boundary Layer 

3*3+20el Use of Heat/Mass Transfer Analogy 

If constant properties are applicable, Spalding (1960) has 
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shown that every mass transfer problem can be expressed by a 

relation of the ‘ohms law' type, namely:- 

=n 6,8 3-23 
where 8, is a surface conductance dependent only on aerodynamic 

factors and B is a dimensionless driving force dependent on 

the thermodynamic properties of the layer of fluid in contact 

with the phase boundary and the so called transferred substance 

on the tube surface. Equation 3.23 is derived in Appendix 6. 

The conductance g; can be calculated from the following 

equation:= 

G, = Need G 32h 

In fact data are not usually available for evaluation of 

the mass transfer Stanton mmber. Hence Spalding (1960) 

proposed calculating the Stanton mmber for heat transfer 

and making corrections for the fact that heat transfer is only 

analogous to mass transfer under certain conditions. Two 

basic assumptions are made in this analogy:- 

(1) That the thermal diffusion (4) coefficient is equal to 

the mass diffusion coefficient (oD, ,) for the same system. 

The following correction compensates for the case when the 

Lewis mumber does not equal unity:- 

Nogyi = (Nn? (1,4 173 3 +25 
(2) The mass diffusivity (Dj 2) is independent of concentration 

gradient. Spalding (1951) and Evans (1961) showed that this 

dependence followed the same vetbéen for most cases; Namely, 

Ngtyi falls below Neth when B is positive (evaporation), and 

rises above it when B is negative (condensation). 

From these results Spalding & Evans (1961) proposed the 

following correction factor:- 

y ws * -0 + 

Negi - Nog jn (1+8B) 426



  

Therefore equation 3.2), becomes:- 

* os -O ol 

Bi = Neth GCN, 3 (7 +32 427 

The mass transfer driving force B is defined as:- 

B «= be c by 328 
bo ~ by 

where subscript g is the local main stream condition 

o is the state just inside the phase boundary, 

i-e. for a vapour the state immediately before 

it has condensed; for a variate the state 

immediately before it has deposited. 

t is the condition in the transferred state beyond 

the phase boundary, i-e. the state on the surface 

of the tube. 

This method is valuable in solution of laminar boundary layer 

problems for small mass transfer rates as ia the present’ 

work. 

5*53+2e2 More Exact Methods 

The basic problem of calculating the transfer through a 

laminar boundary layer is in the solution of the equation, 

Paey ov ee poe eo 3629 
ax “Oy P aye 

which is derived from the mass and energy equations for 

transfer in the laminar boundary layer (Spalding 1960) and is 

given in Appendix 6. The velocity components ‘u' and ‘v' 

come from a solution of the corresponding momentum and 

continuity equations, 

2 
S 2a. 7 ¥ 20u + WO ee a Re aR 3 30 

ax oy p ay a = 

and on. 5 dF. S © 3-31 
ax ay 

Spalding & Patanker (1967) have developed a mmerical method of 

solving these equations using a combined parametric - integral 
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and finite - difference approach. The solution is also 

applicable for turbulent boundary layers and is given in the 

form of a computer program written in 'Fortran IV'. 

Two earlier methods have been developed for solution of 

equation 3.29, mainly of use where computer facilities are 

not available. 

(1) Spalding & Evans (1961) showed that under conditions of 

'similar! velocity distributions, that is the mainstream 

velocity profile obeying the relation: 

du... = au’ 4232 

= es 

Equation 3-29 can be reduced to:- 

Bil ! 
oe + UCR w 0 3033 

with boundary conditions:- 

1 ‘ 
at Q@=2=0; B. =0, B, =B. =-¥é 

at 2 25, Se ee 

where w = Prandtl or Schmidt number 

Q =a dimensionless distance coordinate 

namely, N s 
du 1 - 

g a 
y ax v 

= a dimensionless stream function which depends only 

on Q and, N 

2. [ie oe 
= us ax v 

and € is the conventional stream function defined by 

  

  

u and ve <3 wee. 
ox ay 

The functions & and £ enable reduction from the partial 

differential equation 3.29 to the ordinary differential 

equation 4443. This equation can be solved by a quadrature 

procedure using values of f(@) and % given by Spalding & 

Evans (1961). 
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(2) A more general method not dependent on similar flows is 

given by Spalding & Chi (1963) using dimensionless analysis. 

The solution of equation 4.29 can be written in the form:- 

We dA@ = F A= au B, ¥ 03 
Vv Vv 

which is evaluated by the standard methods of numerical 

analysis e«g. Runge-Kutta referring to tables given by 

Spalding & Chi (1963) for values of Fy, as functions of B 

and wy . 

Of the three more exact methods reviewed, that of 

Spalding & Patanker (1967) is the more accurate and easiest 

to apply if computing facilities are available. The other 

two methods were developed before the advent of large digital 

computers. 

53e3+5% Estimation of Magnitude of Thermal Diffusion 

Baron (1958) compares the ratio of the thermal diffusive 

flux to the concentration diffusive flux for a one dimensional 

system, and suggests that it is a reasonable estimation for 

a two dimensional system. 

the ratio of the thermal diffusive flux H is:- 
Boe a Mj iilp 8 lat 

a 9 my 5035 | 
| —_—- 

oy 

Assuming that the temperature and concentration gradients 

are linear and taking a mean value of the diffusing substance 

across the boundary layer, equation 4.35 becomes :- 

a (M7 oo + my wi m2(Be_- a) ~sanssalleiipoatiatcenrcarionet 

  

Ho : 2 6 3236 

(ae) (Se 
2 5 

For small concentrations of diffusing material m ——> 1 

- ~ a 
i E 4 (ie : = 3031 
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5el, Heat Transfer to a Tube in Cross-Flow 

The simplest method of calculating vapour and particle 

deposition rates through a laminar boundary layer is by using 

the heat/mass transfer analogy (Section 3030201), particularly 

as very small concentrations of substances are involved. 

Henee the deposition rate can readily be calculated if heat 

transfer data is available. 

The heat transfer to a single tube in the front row of 

a tube bank is affected by the proximity of the tubes either 

side. No correlations have been given in the literature 

for average and local heat transfer coefficients to a single 

tube under these conditions. However there are several 

correlations for heat transfer to a tube under channel 

blockage conditions, which can be taken as approximations for 

the actual case- These correlations are reviewed with 

particular emphasis on the effect of main-stream turbulence. 

Zelel Heat Transfer to a Single Tube under Channel Blockage 

Conditions 

3ele1-1. Average Heat Transfer Coefficients 
  

Several workers have proposed correction factors for the 

Reynolds number to account for the higher heat transfer obtained 

as the channel blockage ratio (5) approaches one. 

Knudsen & Katz (1958b)first suggested that the average 

Nusselt number should be corrected by a factor of Jf + (a/w)] 

to account for the blockage condition; however, this factor 

has had no direct experimental verification. Robinson et al 

(1951) empirically determined the following correction from | 
| local heat transfer data for tubes with non-isothermal 

| 4 

tm = Mea fam] ste 
surfaces:- 
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they found that using their data N varied from 053 to 0.806. 

Perkins & Leppert (196) determined heat transfer coefficients 

between a tube and water, and found that their results varied 

considerably from those predicted using the correction of 

Robinson et al. 

Vliet & Leppert (1961) proposed a mean area concept for 

correcting heat transfer coefficients under blockage conditions. 

This was:- 

Avg - Ghannel Volume - Tube Volume 3.39 
reaper Tube Diameter 

Avean Was defined as the ratio of the flow volume in the 

channel at the location of the body to the body height. For 

a tube, the ratio of the area of the tube to the mean area 

A = hw 3 LO 
Avean Vado 

Pope (195) suggested correcting for both 'solid blocking! 

becomes :- 

and 'wake blocking! and gave the following correction to the 

Reynolds number:- 

Re, corrected = ‘Re E . 0.820($p)2+ 92 (32) | 3 oh 
where the second term corrects for 'solid blocking! and the 

third term for 'wake blocking!. This form of correction wag 

based on the results of potential flow theory using the method 

of images. 

A graph taken from Perkins & Leppert (196),) comparing the 

various blockage correction factors for the Reynolds number 

mentioned with the experimental results of Perkins & Leppert 

is shown in Fig. 3.5. 

The correction factor of Kaudsen & Katz has been included, 

and it can be seen that it compares favourably with the other 

correction factors. 
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Z3elp-1.2 Local Heat Transfer Coefficients 
  

Two main approaches have been made to correct local heat 

transfer coefficients. Robinson et al (1951) determined an 

empirical correction factor 1 + (d/W) for the Reynolds mumber 

at the forward stagnation point by correlating their results 

to those predicted by Squire (1938) at various blockage 

ratios (0 625<9 <0.75) : 

The second approach of Vliet & Leppert (1961) obtained 

a new Reynolds number to correlate the blockage effect. They 

presented the corrected Reynolds number as:- 

Np, u( 9) finite blockage 
MRe, corrected * 

u( @) zero blockage 
  

Perkins & Leppert found that their experimental work 

confirmed this second result. 

3.2 Effect of Turbulence on Heat Transfer 
  

There are two factors of free stream turbulence that can 

affect the average and local heat transfer coefficients to or 

from a tube in cross flow, namely:- 

(1) Intensity of turbulence. 

(2) Scale of turbulence. 

34.2.1 Intensity of Turbulence 
  

This is a measure of the amplitude of random oscillation 

of the flow under consideration. If turbulence is taken into 

consideration then the dimensionless heat transfer equations 

(local and average) become :- 

Ny. =! a(Mps Np. Z)  ) 

  

3 ol2 Nyujm ® fp(Npy Ney, Z) ) 

Mathematically, the intensity of turbulence Z is:- 
1 —!2 —I2 —!2 Z im Ba +58? 3 ol3 
4 a 

co 

The effect of turbulence on heat transfer cannot be 
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determined theoretically, due to the difficulty in 

mathematically handling random fluctuations, so it has to 

be determined experimentally. Its existence can be seen 

in Fig- 3-6 in which a graph is drawn of Hilpert's (1933), 

and Griffiths & Awbery's (1933) heat transfer results to a 

tube in cross flow. The difference between the curves is 

too large to be explained by consideration of their 

experimental techniques. 

Comings et al (1918) were among the first to obtain 

experimental results for the effect of intensity of turbulence. 

For a Reynolds number of 5,800, they varied the intensity of 

turbulence from 1.8% to 21.6% and found that over this range, 

the heat transfer increased by 10% with the majority of the 

increase of heat transfer being in the range 1.8% to 8% 

turbulence. Kestin, Maeder & Wang (1961) showed that 

imposing a pressure gradient on a flat plate restored the 

influence of turbulence intensity, and hence concluded that 

intensity of turbulence only affected local rates of heat 

transfer in the presence of a pressure gradient. Schlichting 

(1962s) showed that the interdependence between pressure gradient 

and turbulence intensity could be understood qualitatively 

using the theory of Lins (1957) for non-steady boundary aie 

flows in which the average balance of forces in the laminar 

boundary layer involved an additional term J, of the form 

du 

hs my 8 tf) 3 «ly 

for the case of a harmonic oscillation u, (x) sin nt super - 

imposed on an average velocity #., (x). in this example the 

amplitude u has the same effect as the intensity of turbulence 

which is a measure of the r.mes. of the amplitude of random 
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oscillations. The term J vanishes when the rate of change 

of amplitude du «= 0. According to this reasoning strong 

deceleration ai subsequent acceleration of a stream as 

occurs in the neighbourhood of the stagnation point om a tube 

will cause the rate of change of the intensity of turbulence 

to become large, hence the effect on heat transfer will be 

greatest at this point. This has been confirmed experiment- 

ally by Seban (1960), Kestin, Maeder & Sogin (1961), Sogin 

& Subramanian (1961) and Perkins & Leppert (196). 

All these results, together with the extensive local heat 

transfer measurements of Zapp (1950) and Geidt (1951), now form 

a reasonably comprehensive set of results upon which a basis 

can be set up to rationalise all future heat transfer work 

on tubes. This was basically the idea of Talmor (1966), 

who used the data of Zapp, Kestin, Maeder & Sogin, Schmidt se 

& Wenner (197) and Geidt, together with his owa work 

essentially in the supercritical range in correlating :- 

‘vu (average) Versus N (corrected for blockage) and 
(ip) Re 

‘ity (stagnation point) Versus Nre» with turbulence as 

& parameter. 

He found that the curves obtained were accurate enough 

to obtain the intensity of turbulence of the flow from heat 

transfer data. It was found that the intensity of turbulence 

for Schmidt & Wenner's work: was 1%, not zero, as they inferred, 

and that four of Geidt's zero intensity of turbulence results 
were obtained at a value of 3%. 

However, Talmor did not use all the local heat transfer 

coefficient data available which could easily be converted to 

average heat transfer coefficients, Namely that of Seban (1960), 

Sogin & Subramanian (1961), Perkins & Leppert (196.) and all 
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the available results from the work of Kestin, Maeder & Sogin 

(1961). Perkins & Leppert (196).) plotted these workers! 

data together with that of Zapp (1950) with turbulence as 

parameter and found some discrepancy which could not be 

explained when both channel blockage conditions or intensity 

of turbulence were taken into account. Fig. 43.7 compares 

the stagnation point heat transfer correlations (as a function 

of turbulence) of Talmor (1966) with the data that Perkins & 

Leppert (196.) plotted. 

3el.2-2 Scale of Turbulence 
  

The scale of turbuleace is a measure of the size of 

individual eddies and is defined by a characteristic length, L 

where, 

+00 bs of Ryd 3 olh5 
R(y) is a correlating coefficient of longitudinal fluctuations 

us, uy at two points whose transverse distance is y, 

namely, 

R(y) = Qa Up 3 lh6 

The effect of scale of turbulence upon heat transfer has 

been the subject of fewer investigations than intensity of 

turbulence. The most comprehensive experimental study has 

been carried out by Hegge Zijnen (1958) who measured rates of 

heat transfer from wires and tubes for Reynolds numbers of 

between 60 - 25,800 and ratios of scale of turbulence to tube 

diameter = of between 0.31 = 20. Results showed that at 
Cc 

constant Reynolds number and intensity of turbulence, heat 

transfer increased with increasing scale ratio to a maximum 

when the ratio L was about 1.5 - 1.6, and then steadily 
c 

decreasede Most of the increase in heat transfer occurred in 
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the range of scale of turbulence 0.5 - 7. 

Hegge Zignen (1958) explained this variation by assuming 

that the effective frequency of turbulence was proportional 

to Yo, and equalled the frequencies of Sddies: sued by the | 

tube (Strouhal effect) over the panies of : of 1.5 - 166 (the 

value of maximum effect on heat transfer). 

30463 Gorrections for High Temperature Difference 

Douglas & Churchill (1956) re-examined data and correla- 

tions for convective heat transfer for gases flowing across 

a tube, particularly with respect to large temperature 

differences between the gas and surface. The object of the 

work was to provide the most satisfactory method for obtaining 

correlations from available data. 

They reviewed three methods of correlating heat transfer 

data. These were: - 

(1) Evaluating thermal conductivity and absolute viscosity 

at the mean film temperature, i.e. 0.5 (Tot T) and 

plotting Nyy against Ne’ It was found that 

correlations obtained by McAdams (195lib)using this 

method did not adequately fit the high-temperature 

difference data. 

(2) Evaluating thermal conductivity and kinematic viscosity 

at the mean film temperature. Douglas & Churchill (1956) 

found that a satisfactory correlation could be obtained 

for both heating and cooling when this method was used. 

(3) Using a method in which the resistance to heat transfer 

between a gas stream and a tube can be considered as two 

boundary layer over the front part of the tube and the 

resistances in parallel, one corresponding to the laminar 

; | other corresponding to the turbulent wake region. The 
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thermal resistance in the region within the laminar 

boundary layer can be taken as inversely, proportional to 

ut, and the resistance in the turbulent wake as inversely 

proportional to ugs + Using these two assumptions, 

Douglas & Churchill (1956) found the following 

correlation fitted the data available ;- 4 ) 

N « Ol6 0.00128 N 3 ol? 
Nu,m 46 Re gia - Re ,m 

Methods (2) and (3) are both satisfactory for evaluating 

high temperature difference heat transfer data but as the 

resistance method is more complicated to apply, method (2) 

will be used to evaluate heat transfer data in the present 

work. 

35 Calculation of the Alkalis Released from the Combustion 

of Coal 

In the previous section methods have been presented to 

calculate the mass transfer conductance. Before this co- 

efficient can be used to determine the mass transfer rate to 

the tube surface, the driving force across the boundary layer 

has to be calculated which means that the concentration in the 

bulk gas stream must be known. As there are a great number 

of unknown constituents passing into the vapour phase on the 

combustion of coal, the problem has to be greatly simplified. 

At present, methods are only available for calculating the 

constituent vapours and condensed phases present, not any 

particulate matter formed on the combustion of coale 

Boll & Patel (1960) calculated the concentrations at 

equilibrium for the combustion gases of two Illinois coals 

with emphasis on the godium and potassium salts obtained. 

They assumed that twenty-nine gaseous and five condensed 

constituents containing seven elements were present in the
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gas phase which was the maximum number of constituents that 

the store of the computer used could accommodate. Boll & 

Patel calculated the amount of volatile matter passing into 

the gas phase from the ultimate coal analysis and ash analysis 

assuming that the only volatiles in the ash were sodium and 

potassium. The percentages of these elements ana the amount 

1 passing into the vapour phase were called of sulphur 

‘appearance factors! and were estimated from data obtained 

with an experimental cyclone furnace. The procedure to 

determine the composition of the gas phase involved the 

simultaneous solution of the equations representing all the 

thermodynamic equilibria possible in the gas for the chosen 

constituents. Use was made of a simplifying assumption of 

Brinkley (197) to reduce the number of equilibria possible 

for the selected compounds. 

Cliffe (1967) calculated the equilibrium concentrations 

obtained from the combustion of the coals named in Table 2.1, 

again with emphasis on the sodium and potassium salts. The 

method used was similar to that of Boll & Patel but utiliged 

an improved computer programme (Raynor 196l,) which allowed 

up to fifty compounds containing ten elements to be present 

in the combustion gases. The ‘appearance factors! were 

calculated by assuming that the water-soluble pation of the 

sodium and potassium content in the coal passed into the gas 

phase and used the data of Cutler (1963) for the amount of 

sulphur volatilised. 

1. Some of the sulphur will be absorbed by the ash, 
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SECTION \ 

Reappraisal of the Deposition Problem 
  

It can be concluded from Section 1 that there is a 

considerable amount of evidence to show that the behaviour 

of alkali-metal compounds plays an important part in the 

build up of tenacious and potentially corrosive deposits. 

Hence a method of limiting or preventing alkali-metal 

compounds in the flue gas from reaching the tubes would help 

to solve both fouling and corrosion problems. 

To achieve this objective an experimental programme is 

proposed in this Section which should provide quantitative 

data of deposit formation under conditions that bear a close 

relationship to those in a tube bank of a boiler. 

el Previous Research 
  

There has been little research done to determine 

quantitatively the mechanisms of deposit formation on boiler 

tubes from the combustion of coal. Bishop (1966) and Bishop, 

Cliffe & Langford (1967) measured deposition rates from the 

combustion of the coals given in Table 2.1 in a small pilot 

scale combustor. However it was not possible to obtain the 

rates of deposition due to a specific mechanism from their 

results. 

A laboratory scale model study into the condensation of 

sodium chloride from a moving gas stream with reference to 

deposit formation in boiler tubes has been carried out by 

Jackson & Duffin (1963). Their combustor was fired with a 

"clean! fuel in which known concentrations of the pure salt 

were injected. The salt was condensed onto a single tube 

and deposition rates were determined as a function of surface 

temperature. Two conclusions were drawn from this work:
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firstly, that for constant mainstream velocity, the 

deposition rate was proportional to the mainstream concentra- 

tion of salt vapour when the surface deposit did not exert an 

appreciable vapour pressure, and secondly, that the effective 

vapour pressure of the salt in the flue gas was much higher 

than in nitrogen or ‘in vacuo!, probably due to the presence 

of water vapour. 

In this research, no attention was given to consideration 

of flow conditions in a boiler tube bank when constructing the 

apparatus, which resulted in the low Reynolds number of 21 

based on tube diameter being attained compared with 3,000 in 

an actual boiler; nor was any attention given to the 

theoretical prediction of the deposition rate. However, at 

a later date, Brown (1966) calculated these theoretical 

deposition rates as ine a heat/mass transfer analogy approach 

(Section 3.3.2.1) and found that the theoretical deposition 

rates were 30% higher than the experimental results for the 

region where the surface deposit did not exert an appreciable 

vapour pressure. 

Shuttleworth (196),) and Brown (1966) have carried out 

pilot scale model deposition studies with specific reference 

to oil-fired boilers. The deposition problem in oil-fired 

boilers is similar to the one found in coal-fired boilers, 

the main differences being that vanadates are the major cause 

of corrosion and that the ash content of the oil is consider- 

ably less than coal, hence impaction is not such an important 

mechanism of deposition. In this work known amounts of 

sodium sulphate and vanadium pentoxide were injected into a 

kerosine-fired combustor and collected on a single tube. 

Using the deposition rate results obtained, an attempt was
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made to assess quantitatively the mechanisms of deposition 

but the analysis was far from rigorous as the effect of the 

flow conditions around the collection tube on mass transfer 

were not fully realised. Little agreement occurred between 

experimental and theoretical results. 

Recently Goldberg, Gallagher & Orning (1967) made a 

laboratory study of the sulphation of sodium chloride and 

potassium chloride and tried to relate it to the corrosion 

on fireside surfaces of coal-fired boilers. The work was 

very qualitative in nature but did show that the surface 

sulphation proceeded at a faster rate than the vapour phase 

reaction for both salts, the sulphation of sodium chloride 

being faster than the sulphation of potassium chloride. 

However, no mention was made in their work of residence time 

which will be of some importance for the gas phase reaction. 

4.2 An Experimental Programme 

In deciding upon an scbedinenter system, a suitable 

collection surface has to be chosen onto which the deposit can 

be collected and the deposition rate determined. The flow 

conditions around this collecting surface must be known and 

bear some relation to those found in the tube bank of a 

boiler. A suitable collecting surface is a single tube 

which can be considered as representing one of the tubes 

in the front row of a tube bank. Under typical boiler 

operating conditions a laminar boundary layer exists on the 

front of one of these tubes which means that it is possible 

to calculate the mass flux due to concentration diffusion 

and thermal diffusion through the layer. 

The next decision to be made is whether to have a coal- 

fired experimental system or to use a model technique. The 
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principal advantages of a coal-fired system can be summarised 

as follows :- 

(1) 

(2) 

(3) 

type 

(1) 

(2) 

(3) 

(hh) 

(5) 

(6) 

The products of combustion are complicated in character, 

comprising mixtures of gases, vapours, solid particles 

and liquid droplets, thus are difficult to simulate in 

model experiments. 

A working combustor of appropriate size was available 

having been used for more qualitative studies previously 

(Bishop 1966; Bishop, Cliffe & Langford 1967). 

Gertain aspects could be compared with the previous work 

on this combustor. 

However, there are numerous difficulties inherent in this 

of system, namely:- 

it is not easy to decide the chemical or physical 

characteristics which should be used in the selection 

of the test coal. 

The errors in calculating the vapour phase cblsantration 

of condensable salt are large. 

The vapour phase and surface sulphation rates are unknown. 

A deposit contains more than one salt, so to evaluate 

the effective vapour pressure exerted by a salt at a 

particular temperature, Henry's law constant has to be 

known. This constant is unknown for any of the salt 

mixtures possible. 

The effect of particles on the condensation of vapours 

is unknown. 

Quantitative analysis of the deposit is only possible for 

the cations and anions present. The actual compounds in 

the deposit can only be determined qualitatively, hence 

several assumptions have to be made to assess the actual 

composition of a deposit. 
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It can be concluded that these numerous difficulties 

prevent quantitative data on mechanisms of deposition being 

obtained from a coal-fired system, hence it was proposed to 

use a model technique which could be made progressively more 

complicated until an accurate simulation of the deposition 

characteristics of coal could be achieved. The basic 

assumption made in this model approach is that a deposit 

consists of a matrix of inert fly-ash particles cemented 

together by alkali-metal salts. The only chemical reaction 

that is assumed to take place is the sulphation of the 

chloride both in the vapour phase and on the surface of the 

tube. In essence the model places emphasis on the condensa- 

tion of alkali-metal salts and influence of particles on 

this condensation. 

The model system chosen involved a combustor fired with 

a clean fuel into which the salts, sodium chloride, potassium 

chloride, sodium sulphate and calcium chloride, together with 

sulphur dioxide and particles would be injected in the 

following stages:- 

(1) The salts would be injected individually into the 

combustor, in order to compare the experimental and 

theoretical deposition rates. 

(2) Several mixtures of salts would be injected to obtain 

Henry's law constant. 

(3) A study of the sulphation process by injecting sulphur 

dioxide and the salts used in stage (1) individually, 

then injecting sulphur dioxide and mixed salts as used 

in stage (2). As this will only give the overall 

kinetics, both in the gas phase and on the surface of 

the tube of the sulphation process, a further series of 
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tests would be carried out to find the magnitude of 

the individual sulphation rates. The surface sulphation 

rate could be obtained by injecting and condensing the 

salt onto the tube, then injecting the sulphur dioxide. 

(4) A study of the influence of solids on condensation and 

the sulphation of the chlorides by injecting known size 

fractions of solids into the combustor and repeating 

stages (1) - (3). 

The main parameters used in this model would be surface 

temperature, velocity of bulk gas flow and concentration of 

injecting species. 

 



  

SECTION 5 

5eO Design and Construction of Combustor 

The combustor was designed on a similar scale to the one 

that had been used for previous research at Wolverhampton 

(Bishop 1966; Bishop, Cliffe & Langford 1967). The reasons 

for this decision were: - 

(1) That the target section in the combustor already 

simulated a single boiler tube in the front row of a 

tube bank with appropriate channel blockage conditions. 

(2) Combustion was efficient in the combustor. 

(3) A wind tunnel of similar dimensions to the proposed 

target section was available for flow studies. 

(.) That this size of combustor was the maximum that could 

be accommodated. 

5el Description of Combustor 

Helel Design Criteria 

The combustor was designed on six criteria, namely:- 

(1) A gas temperature of at least 1000°G should be attained 

in the target section. This is in line with normal 

boiler running conditions and ensures that all the alkali 

salts are volatilised. 

(2) A wide range of velocities (about ) or 5 to 1) including 

a velocity of 10 m/s (normal boiler running conditions) 

should be obtained. 

(3) The gases are completely burned well before the target 

tube so ensuring that flow conditions and trans port 

properties are constant in the target section. 

(.) The intensity and scale of turbulence would be as low as 

Possible in the region of the target tube because heat 
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transfer data used to estimate mass transfer rates was 

calculated from simulated flow conditions. 

(5) For reasons of safety, a 3% excess of oxygen was required. 

(6) A target section with a height of at least 10 cm. was 

required in order that a 5 cme diameter target tube could 

be fitted into the duct with similar boundary conditions 

to those in the neighbourhood of an actual boiler tube. 

Propane was selected as the fuel for the combustor because 

it was readily available in a high-purity form, it was more 

flammable than liquid fuel (e.g. kerosine) and a burner of 

relatively simple design was available which facilitated the 

introduction and mixing of the injected salt solution. Due 

to economic reasons, it was decided to use town gas for pre- 

heating the combustion chamber before each test. 

5-1-2 Design Calculations 

An outline of the combustor giving the relative dimensions 

is shown in Fig. 5.l. These dimensions were derived as 

follows :- 

The target had similar dimensions to the one in the 

previous combustor, namely 10 cm. high by 15 cm. wide. By 

incorporating a 5 Br ee tube into the 10 cme high duct, 

a channel blockage ratio of 0.5 is obtained, this is approxi- 

mately the blockage ratio formed between two tubes in a tube 

bank. A 5 cm. diameter tube is the minimum diameter from 

which a reasonable sample could be collected without having 

an excessive length to target tube. Bishop (1966) showed 

that with a width of 15 cm. the temperature gradient across 

@2e5 cm. length of 5 cme diameter tubing in the centre of 

the duct was constant. 

As the combustor was to be built on a similar scale to 
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that of Bishop's (1966), his heat input figure to obtain a 

target section gas temperature of 1,100°C was used to 

calculate the range of velocities possible in the vicinity 

of the target tube. As shown in Appendix 1, velocities 

between 7-5 - 30 m/s were possible which was satisfactory 

because a range of velocities of | to 1 and a velocity of 

10 m/s were obtainable. 

A round combustion chamber was chosen in preference to a 

(ibeed abs because although a square one had superior burning 

characteristics, it was far more difficult to construct. The 

diameter of the combustion chamber was made |,0 cm. which was 

similar to the previous combustor. In this combustor, a 1.3 

me long combustion chamber was satisfactory for a velocity of 

10 m/s, so in order to facilitate the high velocities, it was 

increased to 2el m. There is no direct method of calculating 

flame length without knowing the variation of gas composition 

along the combustor, particularly carbon Gowen, hence the 

length was estimated from the previous work which used a 

different fuel (coal). With a combustion chamber of these 

dimensions, a contraction ratio of 8 to 1 resulted between it 

and the target section. A settling section was included 

upstream of the target section to steady the flow after the 

contraction. Using the data of McPhail (190) it was 

estimated that a 0.9 m. long settling duct would be satisfac- 

tory for smoothing the flow. 

The actual contraction between the combustion chamber and 

settling section was made 30 cm. long and smooth (ice. a 

gradual reduction, not a step), as it has been found that a 

smooth contraction produced a flat velocity distribution at 

the exit (Pankhurst & Holder 1953). 
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The whole combustor was designed to be placed horizontal 

because of ease of accessibility and increased constructional 

aifficulties in building a vertical one. 

5ele% Input to the Combustion Chamber 
  

51.3.1 Air 

A forced draught of air was supplied to the burner by a 

Rootes -type blower (Holmes 6 in. x 10 in. RBS). Compression 

in the blower raises the temperature of the air to approxi- 

mately 50°C. The air in the main supply pipe from the 

blower was usually maintained at a pressure of approximately 

2 IeN/m@ by manual adjustment of a gate valve which allowed 

air to be bled off to atmosphere (see Fig. 5.2). Limitations 

of space did not permit the dat iuaton of a damping chamber in 

the main pipe and the air pressure was subject to fluctuations 

of high frequency and low amplitude;. however, these variations 

in pressure were not serious. In the event of the air 

pressure falling below normal operating values (e.g. a power 

failure), a pressure switch caused solenoid valves to close 

both town gas and propane lines. 

5ele4-2 Town Gas 

The combustion chamber was preheated for approximately 

two hours by burning town gas. Supply arrangements for this 

gas are shown in Fig. 5-2. A Keith Blackman type 66 air 

blast burner in conjunction with a regulator was used, mainly 

on economic considerations. 

5+1+53+3 Propane 

Propane gas was obtained from one of two banks of 

5 x 5-4 kg (100 lb.) cylinders and passed to the burner 

through a 2.5 cm. BeS. pipe (Fig. 5.2). Five cylinders have 

sufficient evaporative capacity to maintain a steady flow of 
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up to 18 kg/h (0 1b./h). Gylinders were chosen, rather 

than a single tank, because of the comparatively simple 

safety precautions. A two-stage system reduced the pressure 

of propane from cylinder pressure (about 690 N/m? ) to 70 cme 

Wege and finally to about 15 cm. weg. A two-stage system 

was used to obtain a steady flow. 

The most suitable type of burner was found to be the 

Stordy-Hauck N.M.G. nozzle mix burner, shown in Figs 5.3. 

It was extremely flexible, cheap, and salts could be injected 

through its back. 

5-1-3- Salt 

Salt was injected along the axis of the burner in the 

form of an aqueous solution. The desired partial pressure of 

salt vapour in the gaseous phase was obtained by varying 

either the solution strength or the pumping rate. This 

method enabled the input of salt to be measured accurately 

but relied upon complete vaporisation of the salt in the 

flame zone. The introduction of water was acceptable because 

much larger amounts of water vapour are formed during the 

combustion of propane. (Alternative methods for inérodueing 

salts into a high temperature system have been summarised by 

Fells & Harker 1967). 

The supply arrangements for the salt solution are shown 

in Fig. 5-2. A peristaltic pump (Watson Marlow Ltd., model 

MHRE) was originally used to inject the salt solution into 

the combustion chamber. Modifications to the probe nozzle, 

however, necessitated higher solution pressures and the 

peristaltic pump was replaced by a metering pump. The average 

rate of flow of the salt solution was obtained by using a 250 

ml. burette as a reservoir for the standard salt solution and 
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determining the rate at which the meniscus feil. The 

pressure of the pumped solution was about 55 kN/m?; 

fluctuations in the flow were damped by having a small air 

pocket in the line to the pressure gauge. 

Considerable difficulty was experienced in achieving 

complete vaporisation of the injected salt. The main 

features of the two types of water-cooled probes developed 

are shown in Fig. 5ella and be. The jet of the first design 

of probe (Fig. 5-la) was made from a stainless steel stylus 

which had a round and smooth 0-20 mm. diameter orifice. 

(Hypodermic needle tubing was unsatisfactory because the 

bore was less regular, causing drops of solution to accumulate 

slowly at the probe tip and/or the jet to become skew). 

Although the jet of solution from the probe shown in Fig. 5.la 

reached the flame, the salt was not wholly vapourised and the 

minute droplets of salt which survived impacted onto the 

target tube. Reproducibility of results was poor and salt 

glaze formed in small regions on the refractory lining in the 

combustion chamber. Little or no free chloride was detectable 

at the refractory surface after tests. 

These difficulties were overcome by fitting an oil burner 

nozzle (Monarch) to the end of the probe (Fig. 5.ljb). No 

sign of impaction was found on the target tube indicating 

that the injected salt was completely vaporised . in the 

combustion chamber. The nozzles which were used were designed 

for oil flow rates of 0.5 and 0.6 ues. gal/h and project a 

spray with an apex angle of }5°. During a test, the nozzle, 

made of ferritic steel, became hot and was corroded by the 

solution of sodium chloride at a slow but tolerable rate. 

The nozzle was water washed and dried after each test run.
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FIG. 5°6b TARGET SECTION



  FIG: -5'6c. CES BING 

 



  

5-1-4. Combustion Chamber and Intermediate Duct 

The combustion chamber and the duct leading to the 

target section consisted of an outer shell of mild steel 

with a 10 om. thick refractory lining (Fige 55). The 

lining comprised of a 6 cm. thick hot-face layer of Plancrete/ 

Molochite and a |: cme thick outer insulating layer of 

Plancrete/Vermiculite. With this thickness of lining, the 

greater part of the inner face operated at above 800°C, 

hence condensation in the combustor was unlikely. 

Access doors with either safety windows of mica and 

perspex or covered tubular ports were provided along the 

length of the combustor. The central portion of the target 

tube was observed directly during tests through an obliquely 

located sight glass in the target section. 

5ele5 Target Section 

This is shown in Fig. 5.6. The 5 cm. target tube 

consisted of spigotted support tubes and a central test ring, 

2e5 cm. long, from which deposit was sampled after each test. 

Bach section of the target tube was coated with a hard, inert 

and spall-resistant coating of oranele The thin coating 

survived short-term exposures to the salt-laden gases and, 

by preventing oxidation of the underlying steel, facilitated 

sampling of the deposits. The target tube was machined from 

12% chromium steel tubing in the fully softened condition. 

Although the choice of ferritic steel had the disadvantage 

that the enamel coating had to be fired in an inert atmosphere 

to prevent scaling, it facilitated the drilling of pairs of 

1. Applied by Ferro Enamels Ltd., Wombourne, Nr. Wolverhampton, 

and fired by the author in an argon atmosphere. 

 



  

6h. 

clearance holes for 1.05 mm. diameter thermocouples along the 

tube wall parallel to the major axis of the target tube. The 

alternative use of an austenitic alloy, preferable for the 

enamel coating process, posed severe problems for drilling. 

The various component tubes were held together temporarily 

by a central tie rod when fitting the assembled target tube 

into the test section. After careful insertion through a 

circular hole in one side of the target section duct, location 

of the target tube asembly in two Sindanyo cups and fastening 

of the circular end plates, the tie rod was unscrewed and 

withdrawn. The Sindanyo cups have a low thermal conductivity 

and reduce the lengthwise loss of heat from the tube assembly. 

During heating, the tube assembly expanded lengthwise against 

a set of coil springs. This arrangement prevented the 

considerable expansion = from distorting the spigot 

joints of the target tube. The entire tube assembly could 

be rotated through 30° increments and firmly pegged in each 

position, thus enabling the temperature distribution around 

the tube periphery to be determined under various conditions 

of operation. 

The surface temperature at the forward stagnation point was 

controlled within the range 520°-900°C by varying an internal 

flow of air from a blower (Keith Blackman centrifugal 

compressor); the maximum delivery of the blower was approxi- 

mately 77 Std dm?/s (160 Std ft?/min) measured by a Dall tube. 
5ele6 Exhaust Section 

Initially, a nimonic alloy cyclone was fitted downstream 

of the target section in preparation for tests with injected 

solid particles (see Section le%)- However, difficulties 

were encountered with the pressure drop at velocities above 
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11 m/s, also the entry part became red-hot under typical 

operating conditions. Accordingly the cyclone unit was 

replaced with a refractory-lined duct. Two 90° changes in 

direction were included for collection of solid particles in 

later tests. The salt vapours exhausted to atmosphere on 

leaving the chimney. 

5ele7 Instrumentation 

5el-7-1 Temperature Measurement 

All thermocouples were of the mineral-insulated, stain- 

less steel sheathed type (Pyrotenax Ltd., HT2/NC - NA/BJ). 

The following measurements were made during each test run:- 

(1) The temperature just below the hot face of the refractory 

lining at eight points along the length of the combustor 

(Fig. 5-5) using 3.2 mm. diameter thermocouples. 

(2) The gas temperature downstream of the target tube, using 

a 32 mm. diameter thermocouple in a 6«), mm. diameter 

sheath (Fig. 5-7). The relationship between this 

reading and the gas temperature immediately upstream of 

the target tube was obtained by interpolating from 

calibration graphs of gas stream temperatures at 

positions A, B, ¢ and D (Fig. 5.8). These temperatures 

were measured by temporarily inserting a suction 

pyrometer through the portholes at these positions. 

(3) The wall temperature of the target tube at 30° intervals 

around the periphery, using 1.05 mm. diameter thermo- 

couples. The 1-32 mme diameter clearance holes for 

these thermocouples were parallel to the major axis of 

the target tube and decreased to 1-09 mme diameter at 

the bottom so that the hot junction of each thermocouple 

made a good thermal contact. Each pair of hot junctions 
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lay on the same radius. The readings obtained were 

shown to be true surface temperature readings (Section 

Tele). Thus by taking readings from a single pair of 

thermocouples, in the middle of the centre test ring and 

rotating the whole target tube through 30° increments 

between readings, it was possible to obtain the tempera- 

ture distribution around the periphery of the collecting 

surface. 

5ele7-2 Flow Measurement 

(1) 

(2) 

(3) 

The following measurements were made during each run:- 

The flow of air through a 5.1 cme diameter pipe to the 

burner, using either 2.5 cme or 4/5 cme orifice 

(dependent on the flew rate) which satisfied the 

requirements of B.S. 10)2:19))3. 

The flow of propane to the burner, using a flowrater 

with a range of 0.2) - 3.0 Std dm3/s (05-60 Std ft?/min). 

The flow of standard salt solution to the water-cooled 

injection probe, by taking readings from the supply 

burette at various periods. A 'MeTeRoTe' flowmeter 

with a range of 10 - 100 ml/min gave an instantaneous 

indication of the flow rate. 

The flow of cooling air with a 'Dali' tube. 

An indication of the mean velocity of hot gases with a 

pitot tube in the vertical offtake which leads to the 

chimney. The tube was calibrated against the calculated 

5ele7+% Analysis of Flue Gases 
  

Samples for analysis were withdrawn at two points down- 

stream of the target tube in order to avoid any interference 

with the gases approaching the target tube (Fig. 5.7). 

  

throughput and the result is shown in Fig. 5.9.



  

67. 

The oxygen content of the flue gases was determined with 

a Kent paramagnetic analyser. The carbon dioxide content 

was determined with an Elliot Duplex 'Mono! analyser. The 

response time of this instrument was much larger than that 

of the paramagnetic analyser; consequently the carbon dioxide 

content was used as a check on the accuracy of the oxygen 

content. Observed and computed values of the oxygen content 

did not usually differ by more than 1% v/v. 

The alkali-metal content of the flue gases was deduced 

from the known input of salt solution to the burner. Direct 

analysis of the flue gas was tried but proved unsuccessful. 

Sodium chloride was the only salt tried in both methods; in 

the first one (Shotter 1965), continuously aspirated flue 

gases were brought into contact with a constant flow of 

distilled water in two impacting chambers in order to dissolve 

the salt. The sodium content of the flowing water was then 

measured with sodium sensitive glass electrodes. Condensa- 

tion of sodium chloride between the combustor and the impactors 

caused low readings to be obtained. The second method used 

a modified files photometer (Ounsted 1958). Salt condensed 

between the combustor and the multijet burner of the photo- 

meter, sometimes blocking the orifice which measured the flow 

aspirated gasese Some improvement resulted from electric 

resistance heating of most of the tubing upstream of the 

photometer and step-changes were evident when the tube was 

freshly cleaned. However, condensation was not entirely 

prevented and it was decided thet available resources did not 

permit further attention to the development of a direct method 

of measurement. 

Sumnarising, the need to maintain the metallic tube which 
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FIG. 61 FLOW MODEL IN WIND TUNNEL



  

SECTION 6 
Flow Model Studies 
  

In order to investigate the flow characteristics around 

the target tube model studies were carried out. In particular 

the effect of Reynolds number and roughness of deposit on the 

boundary layer dimensions were investigated. 

6el Experimental Method 
  

6-l.1 Consideration of Similarity 
  

In order to simulate the target section, certain 

geometric and kinematic conditions had to be satisfied. 

The available wind-tunnel had a test section which was 

almost identical in size to the prototype in the combustor. 

The tube dimensions were chosen so that the channel blockage 

ratio was 0.5 as in the test section of the combustor. This 

was the criterion of geometrical similarity. 

The Reynolds number was used as the criterion of kinematic 

similarity on the basis of the following assumptions:- 

(1) That there was no interaction between the momentum 

(velocity), thermal and concentration boundary layers. 

(2) That the density of the gases was constant. 

(3) That the intensity of turbulence of the flow had little 

effect upon the boundary layer dimensions. 

6e1-2 Apparatus 

6e1.2.1 General Arrangement of Flow Model 

Fig. 6-1 shows the flow model in the transparent test 

section of the wind tunnel. The tube of the flow model was 

constructed from mild steel with a single pressure tapping 

flush with the external surface. It was held in the wind 

tunnel by a slide, the protractor attached to it being used 

as a reference with its 0-180° line parallel to flow. 

 



  

6-1.2.2 Measurement of Air Flow Rates 

The flow rate of air through the wind tunnel was 

controlled by a dampers A cone entry (B.S. 726, 1957) in 

the inlet duct and a venturi meter down-stream of the 

cylindrical tube were used to measure the rate of air flow 

through the wind tunnel. 

6.1.2.3 Measurement of Static Pressure 

It was necessary to measure the difference between the 

static pressure P» at the tube surface for a particular angle 

6 and a reference static pressure tapping P in the duct 

upstream of the tube. As the Reynolds number was low, the 

pressure difference P-Py was small despite the channel 

blockage condition. In order to increase this difference 

for ease of measurement, a reference tapping downstream of 

the tube was used in the test duct and the values were 

converted to the corresponding upstream values. A Chattock- 

Fry manometer, with a sensitivity of 0.005 in wg. was used 

to measure the pressure difference. 

6.2. Experimental Runs 
  

62.1 Pressure Distribution Test Runs 
  

Flow rates were selected which corresponded to the range 

of Reynolds numbers of between 2,500-10,000 (7.5 m/s to 30 

m/s). The smooth tube was then fixed at various angular 

positions, and readings of the pressure difference were 

taken every 10° from 0° to 70°, and from 90° to 110°. 

Around the minimum pressure position, readings were taken 

every 5° from 70° to 90°. The barometric pressure was noted 

during each test. 

6.2.2 Effect of Surface Roughness upon Static Pressure 
  

Distribution around a Tube 
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As material deposits onto a clean tube surface, the 

roughness of the surface will increase. Assuming that 

particle size is a direct measure of the roughening then the 

effect upon the. pressure distribution can be investigated 

by wrapping various grades of grit paper around the tube. 

The grit papers used were as follows:- 

  

Reference Average Size of Grit (micron) 

800 15 

600 25 

).00 57 

2).0 la 

The largest grit size investigated was greater than particles 

found in initial boiler deposits. As the layer of fly-ash 

on boiler tubes, which prevents alkalis from condensing 

directly on them, increases with time, it was considered 

that the initial deposit formation was most important. 

6-4 Results 

  

6-3-lL Variation of Static Pressure at the Tube Surface with 

Angular Position 

The variation of pressure at the smooth tube surface with 

angular position is shown in Fig. 6.2 and Table 6.1. From 

the results it was concluded that, as expected, a laminar 

boundary layer formed on the front of the tube which separated 

to give a turbulent wake. 

Increasing the roughness of the tube over the particle 

size range from 16 microns to 72 microns had no measurable 

effect upon the pressure distribution. The results for the 

extreme size grit papers and Reynolds numbers used are shown 

in Pig- 623. 

6-3-2 Calculations of the Dimensions of the Velocity (Cont'd) 
  

   



  

  

Reynolds Number 2500 
  

5000 
  

7500 
  

LOOOO 
  

Angle subtended be- 
tween stagnation 
point and measure- 

ment point 

Pressure Variation around tube (B-P,) 

(in wege) 

  

  

  

(degrees ) 

0 -0 .0),0 -0.165 -0 6370 -0 660 

10 -0 035 “0.115 -0 2415 -0 560 

20 -0.015 -0 070 -0.155 -0 275 

30 0.010 0.05 0.110 0.195 

ho 0.060 0.230 0.515 0.920 

50 0.100 0 1,00 0.910 1.605 

60 O15 0.580 1.400 2 +360 

70 0.195 0-760 1.705 3.010 

75 0.200 0.790 1.780 3 205 

80 0.205 0.795 1-780 3 250 

85 0200 0.792 1.778 3 «210 

90 0.195 0775 1.7.0 3180 

100 0.190 0755 1.700 3100 

110 0.175 0.715 1.685 2 910         
  

Temperature of air 

Density of air 

TABLE 6.1 

60°F (520°R) 

0.0715 lb£/ft? 

Variation in static pressure at tube 

surface with angular position 
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(Cont'd) Boundary Layer 

Firstly the pressure data was converted to velocities 

at the outer 'edge' of the boundary layer by using Bernoulli's 

  

equation, 

“a . pu : _ ‘S a Fs : g 6el 

ie 26, 28, 

Equation 6-1 can be rearranged to give the following form:- 

te + [eee - r a ) 6 2 

pug 
Fig. 6-l. shows the variation in velocity with distance around 

the upstream surface of the tube. For convenience velocity 

and distance are given in dimensionless forms signified by 

superscript. x. As there was negligible variation in the 

relative velocity, uss for the four Reynolds numbers 

investigated, the curve applies over all the range. Values 

of the derivative au were obtained from Fig. 6.4 for various 

values of x™ and usta in subsequent calculations. 

The thickness of the laminar boundary layer was now 

calculated in terms of x by solution of the following differ- 

ential equation representing the growth of the laminar boundary 

layer (Spalding 1961). 

2 2 

“es 5 °b ~ (2 du. Vo ‘2 
v 
  

  

dx v ax” . o-9 

In dimensionless form this becomes?:- 

i.  @ 6 xe 5 #2 du* R * 

og tr on (07 Bee 
Equation 6.), was solved using a quadrature procedure (see 

Appendix 3). Table 6.2 shows values of the various 

quantities which were derived during successive stages of the 

calculations. As the range of Reynolds numbers investigated 

was small the variation in the thickness of the boundary 

 



  

  

  

  

  

                      

. Quantities derived during calculation of 

the thickness of the boundary layer 

cd 
x 

0.441 u¥4-164,,% [#2 aye 
x at o; & “ a ae E 52 

g wE5 164 dx b b,II on A Oo 

sree BO 2 x 10° x 10° x104 x 104 | x 102 

0 0 i a 7 0.122 3.58 | 7.052 | 8.24 3.4 
0.25 | 0.55 2.15 1.67 0.5 0.132 4037 | 72 9.94 4.1 
0.5  } 2.09 3.10 1.67 0.5 0.174 5.10 | To 11.8 4.8 
0.75 | 1.67 3.66 1.52 0.6 0.191 5.62 Gee a5 6 5.7 
1.6. 11.98 5.95 6.8 pir 0.244 7.15 5.9 16.8 6.6 
1.25 | 2.38 6.45 2.45 3.0 0.255 The 2 5.0.) 17:4 6.8 
1.5 2.4 10.0 =2.5 m4. 0 0.316 Bie =1.8 | 23.6 1.35 
+76 | 2:36 16.1 5,48 “1-28.0 0.402 ee 5.8. | 5156 9.5 
2.0 | 2.29 21.9 ~9.4.° |=36.0 0.458 | 12.9 -6.5 38.3 11.6 

TABLE 6.2 
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layer with Reynolds number was negligible, hence in Table 6.2 

results of boundary layer thickness are for the range of 

Reynolds numbers from 2,500-10,000. From this table it can 

be seen that the thickness of the velocity boundary layer is 

a minimum in the region of the stagnation point where it is 

approximately 1 mm. thick. As the largest grit size used 

was only 0.072 mm, then the grit particles were well within 

the boundary layer and so will not affect its dimensions. 

This is because for roughness to alter the flow ssaltiions 

around an object, the roughness elements must be of a 

sufficient height to project beyond the laminar boundary 

layer and into the turbulent main stream. If this occurs 

there will be a turbulent wake behind each element which will 

cause turbulent eddies from the wake to penetrate the layer, 

and results in effectively thinning the laminar boundary layer. 

603-3 Galculation of Separation Point 

The relevant literature and method of calculation adopted 

are given in Appendix }. Using the displacement thickmess as 

the significant dimension, actual and critical Reynolds number 

vers calculated and plotted against x* as shown in Fig. 645. 

The intersection of the two curves represents the point of 

separation of the laminar boundary layer which occurred at an 

angle of 106°. This calculated value corresponds reasonably 

with a value of approximately 100° observed with coal firing 

in previous deposition studies in a similar flow configuration 

(Bishop, Cutler & Valance, 1963). The normal separation point 

at these Reynolds numbers of a tube in an infinite medium is 

about 80°; however, due to the presence of the combustor wall, 

boundary layer separation is delayed to the angle of 106° 

for the present system with a channel blockage ratio of 0.5.



    

SECTION 7 

Combustor Tests 

Tel Preliminary Tests on the Combustor 
  

Before experimental work could proceed, combustor trials 

were carried out to show that design conditions were attain- 

able. 

(elel Variation of Oxygen and Carbon Dioxide Concentrations 
  

It was found that the oxygen and carbon dioxide content 

of the flue gas were constant along the length of the combustor 

‘for the velocity range 7-5 m/s - 30 m/s and a gas temperature 

in the vicinity of thetarget tube of 1100°%. Hence combustion 

was completed well before the target tube. 

However, when salt was injected at gas velocities above 

20 m/s and salt concentrations above 0.2 torr, the propane 

flame failed and re-ignited spasmodically. This effect was 

detected by a variable and increased oxygen content, and 

decreased carbon dioxide content along the length of the 

combustor e Use of a pilot flame jet within the burner 

prevented this effect which was due to the presence of salt 

(Arthur & Wadsworth 1950). 

{els2 Transverse and Longitudinal Variation of Temperature 

in the Settling and Target Sections 
  

These temperature traverses were made with an Atkinson 

Suction Pyrometer positioned through the portholes A, B, ¢ 

and D, as indicated in Fig. 57. 

The results for the extreme velocities possible in the 

combustor (8 m/s and 30 m/s) are shown in Figs. 7-1 and 7.2. 

From Fig. 7.1 it can be seen that the transverse temperature 

profiles are flat topped, which signifies efficient turbulent 

mixing and a uniform temperature across the target section. 
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The variation in the longitudinal temperature distribution 

is only 10% over a distance of 1.1m. and as expected, is 

greatest at the lowest velocity. The reason why the 

temperatures at A, B, and © are less in the high velocity 

run is that both velocity runs were carried out at the same 

indicated temperature in the target section. 

7-1-3 Peripheral Variation in Surface Temperature 

Tests showed that on rotating the target tube through 

30° intervals, the temperature distribution was symmetrical 

around the tube surface on either side of the front stagnation 

point. The distributions obtained over a range of stagnation 

point temperatures (500°C - 900°C) are shown in Fig. 7.3. 

Readings were not taken beyond an angle of 150° because the 

laminar boundary layer separated at approximately 100°. For 

similar stagnation point temperatures the surface temperature 

at. an angle of 150° was only increased by 5° on raising the 

flue gas velocity froml0.5 m/s to 30 m/s, therefore the 

temperature distributions shown in Fig. 7.43 can be considered 

as independent of flue gas velocity. 

Tell. Effect of Ceramic Coating upon Surface Temperature 

Two test rings of 12% chromium ferritic steel, one 

ceramic-coated and the other uncoated, were used in separate 

tests under similar conditions of combustion and target 

cooling. In each case, the surface temperatures at the 

forward stagnation point of the tube were obtained from the 

thermocouples mounted in the tube wall. It was found that 

the presence of the ceramic coating increased the surface 

temperature by less than 5°c, therefore the reading from the 

thermocouple nearest the outside wall of a ceramically coated 

ring could be taken ag the surface temperature. 

 



  
FIG. 7-4 FLOW SEPARATION LINE 
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Tele5 Difficulties of Vaporisation 

Initially, difficulties were experienced in obtaining 

the necessary complete vaporisation of the injected salt 

solution. Incomplete vaporisation enabled salt droplets 

to survive and impact upon the target tube. The problem 

was solved by injecting the salt through a modified probe 

containing an oil burner type of nozzle (see Section 5-+1.3.))). 

7-1-6 Reactions of Sodium Chloride with Combustor Walls 

After runs with injection of sodium chloride totalling 

about 30 hours, a slight glaze appeared on the walls of the 

combustor. It wag concluded that the glaze was a complex 

mixture of sodium silicates formed by the reaction between 

sodium chloride and the silica in the lining of the combustor. 

The reaction did not seem to affect either the rate of 

deposition, which was close to the predicted rate, or the 

reproducibility of results. Also no free chloride was ever 

found on the salt glaze or combustor walls which could re- 

evaporate in successive runs. Therefore the reaction was 

considered to be allowable. 

71-7 Separation Lines 

two clear separation lines (Fig. 7.) marked the boundary 

between the different types of deposit that formed beneath 

the laminar boundary layer and turbulent wake. The 

separation lines were at an angle of approximately 100° from 

the forward stagnation point. This angle was independent of 

which salt was injected, the concentration of the salt and 

the Reynolds number over the range investigated. These 

results show reasonable agreement with the flow model studies 

(Section 6), hence it can be concluded that the velocity and 

concentration boundary layers of the front of the tube are
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similar. 

7-2 Description of Tests 
  

Te2el Conditions Investigated 
  

It can be shown theoretically that for a constant 

Reynolds number the rate of deposition should be directly 

proportional to the bulk gas phase concentration and the 

square poot of the gas velocity when the deposit at the tube 

surface is at a temperature low enough not to exert a 

significant vapour pressure. In order to demonstrate the 

validity of these relationships for the four salts used, the 

following tests were carried out:- 

(1) Sodium Chloride 

For this salt, nine sets of tests were made, involving 

three concentrations of sodium chloride in the gas phase, 

and three gas velocities. The principal test parameters 

were as follows:- 

Flue Gas Temperature: 1,100°% 
  

  

  

  

Average Surface Temperature 500° to temperatures in 

of Test Ring: excess of theoretical 

condensation points. 

Main Stream Gas Velocity: 1095, 18.0 and 30.0 m/s. 

Partial Pressure of Sodium 0.055 torr, 0.110 torr 

Chloride Vapour: and 0.250 torr. 

Period of Salt Deposition; LO = 50 min. 
  

The highest partial pressure of salt vapour examined was 

similar in magnitude to the maximum theoretical value of the 

salt vapour obtained from the combustion of a high chlorine 

East Midland Coal (Bishop, Cliffe & Langford 1967). Test 

periods were adjusted according to the salt concentration and 

gas velocity. Thus collection of sufficient deposit for 
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analysis and weighing required a long exposure of 50 minutes 

when the partial pressure and gas velocity were relatively 

low. 

(2) Potassium Chloride 

A similar series of tests was carried out with this salt. 

Four concentrations were used to investigate the effect, if 

any, of walls ve pouk on the vapour pressure exerted by the 

potassium chloride. The only vapour pressure data available 

for this salt was measured 'in vacuo!. The concentrations 

injected were of the same magnitude as theoretical amounts 

obtained from the combustion of a high chlorine East Midlands 

coal. Only two velocities were investigated because of the 

broad similarity between sodium and potassium chlorides. 

The parameters used for the flue gas temperature, and 

range of average surface temperatures of the test ring, were 

the same as in previous tests; the other parameters were as 

follows :- 

Main Stream Gas Velocity: 10.5 m/s and 18.0 m/s. 

  

Partial Pressure of Potassium 0-035 torr, 04065 torr, 

Chloride Vapour: 0.125 torr and 0.250 torr. 

Period of Salt Deposition: 10 - 5 min. 
  

(3) Sodium Sulphate 

Considerable difficulty was encountered in vaporising 

sodium sulphate at concentrations above 0.1 torr and velocities 

above 10.5 m/s. At greater values of these parameters, inertial 

impaction occurred which resulted ina beard-shaped deposit 

building up at the stagnation point. Consequently, only one 

velocity was investigated at four concentrations below 0.1 torr. 

The other four parameters were as follows:- 

Main Stream Gas Velocity: 10.5 m/s. 
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Partial Pressure of Sodium 0.0055 torr, 0.011 torr, 
  

Sulphate: 0.025 torr and 0.100 torr. 

Period of Salt Deposition: 25: -= 150 mins 

(.) Galeium Chloride 

As calcium chloride was also extremely difficult to 

completely vaporise, only the lowest velocity attainable in 

the combustor was investigated. Four concentrations of salt 

were used covering the range 0.007 torr to 0.056 torr. At 

concentrations greater than 0.06 torr, deposition by impaction 

occurred. Fewer runs were carried out with calcium chloride 

because the salt reacted with various components in the 

system. Consequently, the quantitative results obtained 

were of little value as reaction rates with these various 

compounds were unknown. 

The parameters used for flue gas temperature, the range 

of average surface temperatures of the test ring and main 

stream gas velocity were the same as in the sodium sulphate 

SXPOL EEO RHE « The other test parameters were as follows:- 

  

Partial Pressure of Calciun 0.007 torr, 0.01) torr, 

Chloride Vapour: 0.028 torr and 0.056 torr. 

Period of Salt Deposition: 50 min. to 180 min. 
  

7e2.2 Test Procedure 

The principal steps in each test run were as follows:- 

(1) The target tube was assembled with a clean dry test ring, 

mounted on a tie rod and placed within the target section. 

(2) The leads from the thermocouples in the target tube were 

plugged into a multi-point recorder and cooling air 

passed through the target tube. 

(3) The main air blower was switched on. The town gas burner 

was ignited and inserted into the combustion chamber. 
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(.) After 2-23 hrs., the town gas was shut off and propane 

was fed to the weet burner. 

(5) Adjustments were made to the propane and air supplies 

until the gas velocity, as indicated by the pitot tube 

in the exhaust pipe, and the indicated gas temperature 

were correct. 

(6) The required surface temperature of the targettube was 

obtained by adjusting the flow of cooled air. 

(7) Having established the test conditions, the salt was 

pumped through the injection probe. The probe was 

then inserted along the burner axis and the salt 

solution sprayed into the combustion chamber for the 

test period. 

(8) During the test run, flow, temperature and pressure 

readings were taken, and, if necessary, the flow of 

cooling air through the target tube was adjusted. 

(9) At the finish of a test run the probe was removed from 

the burner, the propane and air supplies shut off, and 

the target tube removed from the target section with the 

aid of the tie rod. It was placed in a Sindanyo box 

and allowed to cool. The test ring was then put into 

a small dessicator. 

7+2+5 Sampling Procedure 
  

After obtaining the total weight of test ring and deposit, 

the weights of upstream and downstream salt deposits were 

determined separately. in the case of crystalline deposits 

formed at the lower surface temperatures, the two lines of 

flow separation clearly marked the boundaries between the two 

regions. The angular positions of these lines of flow 

separation were noted. Upstream and downstream samples for 
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analysis were scraped from the test ring with a scalpel and 

final traces of salt removed with moistened tissue. In the 

case of deposits which had fused completely, it was necessary 

to mark estimated lines of flow separation in the deposit 

before proceeding to separate upstream and downstream deposits. 

The surface temperature decreased around the ring from 

the forward stagnation point to the rear of the ring, so in 

tests at a given salt concentration, it was possible for the 

surface temperature at the forward stagnation point to be 

above the condensation point of the salt and the surface 

temperature at the separation line to be below it. in such 

conditions, a line could be identified between the deposit 

free area and the area where deposit occurred. The two 

angular positions from the forward stagnation point at which 

this line appeared were measured. From curves of the known 

peripheral temperature distributions (Fig. 7.3), values of 

the surface temperature at the line, and hence the condensation 

point, were obtained. 

Each deposit was examined microscopically ‘in situ' on 

the test ring using oblique illumination. Representative 

deposits were photographed using a green filter and ortho- 

chromatic plates. Depth of focus limitations usually made 

it necessary to photograph at only moderate magnification 

and then obtain a final print by enlargement. Certain 

samples were subjected to X-ray diffraction analysis using 

the powder methods (cobalt radiation). The composition of 

some samples was checked by chemical analysis. 
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SECTION 8 

Results of Combustor Tests 

8.1 Deposition of Sodium and Potassium Chlorides 

As the deposition characteristics of these two salts are 

similar, they will be discussed together. 

8.1.1 Under Conditions of Incomplete Vaporisation 

In the first series of test runs in which sodium chloride 

was injected through a probe shown in Fig. 5 .Wainadequate 

dispersal and vaporisation of the injected salt seclusion: 

caused droplets of molten salt to reach the tube surface 

by the unwanted processes of inertial impaction and particle 

diffusion. In these circumstances, molten streaks appeared 

in the upstream deposits and were particularly noticeable near 

the two lines of flow separation where the droplets approached 

the collecting surface at shallow angles of incidence (Fig. 

B.3)% Typical results for the variation of rates of deposi- 

tion with surface temperature of the target tube are shown in 

Fig. 802. A characteristic plateau was visible but the 

deposition rates in this region were three to four times 

greater than the theoretical rate. The temperature at which 

the deposition rate falis to zero was about 50°C above the 

value obtained for complete vaporisation (Fig. 8.11). 

8.1.2 Under Conditions of Complete Vaporisation 
  

8.1.2.1 Effect of Run Duration upon Deposit Weight 

At surface temperatures in the plateau range of deposition, 

the weight of the upstream salt deposit was directly propor- 

tional to the period of exposure for deposit weights up to 

about 100 mg. (Fig. 8-4 a & b show the curves for sodium 

chloride and potassium chloride respectively). At greater 

weights of deposit, the rate of deposition tended to decrease.



  
FIG. 8-| MOLTEN STREAKS OF SODIUM CHLORIDE (MAGNIFICATION X1I50)
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FIG. 8-4a DENDRITES OF SODIUM CHLORIDE, PLAN VIEW ( MAGNIFICATION 

X 350)



  
FIG. 8:-4b DENDRITES OF SODIUM CHLORIDE, SIDE VIEW (MAGNIFICATION 

X500 )



FIG. 8-5 ELONGATE CRYSTALS OF SODIUM CHLORIDE, PLAN VIEW 

(MAGNIFICATION 

  
X 350 ) 

 



  
PARTIALLY DISTURBED DEPOSIT OF ELONGATE CRYSTALS OF SODIUM 

CHLORIDE (MAGNIFICATION XI20) 

 



  

    
FIG. 8:-6b TWO ELONGATE CRYSTALS 

  
FROM THE DEPOSIT SHOWN IN FIG. 8-6a 

(MAGNIFICATION X 1,000)



  
FIG. 8-7 FUSED DEPOSIT OF SODIUM CHLORIDE WITH CRYSTALLIZATION OCCURING 

( MAGNIFICATION X350)
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8.1.2.2 Effect of Variation of Surface Temperature, Gas 

Velocity and Concentration of Salt Vapour 

(a) Physical Character of Deposited Salt 

The nature of the deposited salt was unaffected by 

variation of the mainstream gas velocity or concentration of 

salt vapour, both in the region beneath the laminar boundary 

layer and the region beneath the turbulent wake. The main- 

stream velocity was varied over the range 10-5 - 30.0 m/s for 

sodium chloride and 10.5 - 18.0 m/s for potassium chloride 

while the mainstream concentration of salt vapour was varied 

over the range 0.055 = 0.25 torr for both salts. 

However, the nature of both salts was found to be 

strikingly dependent upon the surface temperature of the 

target tube. Considering sodium chloride first; at the 

lowest upstream surface temperature examined, which was }),0°¢ 

at the separation point of flow, dendrites of sodium chloride 

grew outwards from the upstream surface of the tube (Fig. 

8.4 a&b). At 610°C the crystals were transformed from a 

dendritic growth to a seemingly cubic form when viewed in 

plan (Fig. 8.5): however, disturbance of the deposit revealed 

that the crystals were elongated with an increasing square 

cross section terminated with a flat topped cube (Figs. 8.6 

a&b). Above 610°C the crystals became gradually smaller 

with increasing temperature and disappeared above a temperature 

of 6),0°%¢ when the deposit was of a fully fused appearance. 

Fige 8.7 shows a typical fused deposit which has crystallized 

from the melt during cooling to give a mosaic of cubic symmetry. 

The changes in orientation were postulated as corresponding to 

the impinging boundaries of the allotriomorphic crystals. The 

appearance of fused salt deposits at temperatures of 190°C 
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FIG. 8-9 

ae 

DENDRITES OF POTASSIUM CHLORIDE, PLAN VIEW (MAGNIFICATION 
X 400)



  
FIG. 8:10 ELONGATE CRYSTALS OF POTASSIUM CHLORIDE, PLAN VIEW 

(MAGNIFICATION X400) 

 



  

below the normal melting point of the salt (800°C) was 

regarded as a supercooling effect. 

The downstream deposit beneath the turbulent wake was 

composed of very fine dendrites at surface temperatures of 

00°C (Fig. 88). As the temperature was increased, the 

crystals became smaller until eventually complete fusion 

occurred over a temperature range of 610 - 60°C which was 

similar to the transition range for the upstream deposit. 

Potassium chloride behaved in a similar manner to sodium 

chloride. At the lowest temperature investigated within the 

laminar boundary layer, 30°C, dendrites of potassium chloride 

grew from the surface (Fig. 8.9). At 560°C there was nearly 

a complete transition to elongate crystals, but they did not 

all grow vertically from the surface as the sodium chloride 

crystals did (Fig. 8.10, cf. Fig. 8.5). Over the temperature 

range 560 = 585° the cpystals gradually became smaller, until 

above 585°C the deposit was fully fused. 

The nature of the downstream deposit showed the same 

variation with temperature as sodium chloride. The deposit 

became fully molten at 580°C. 

(b) Rates of Deposition 

Within the area of the laminar bouadary layer the 

deposition rates (Appendix 8) were found to be 3; 

(1) Proportional to the concentration difference of salt 

vapour between the mainstream and tube surface. 

(2) Proportional to the square root of the mainstream velocity. 

At temperatures above 660°C for sodium chloride and 620° 

for potassium chloride, the deposits started to exert an 

appreciable vapour pressure so reducing the effective driving 

force for condensation. Hence in this region the deposition 
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rates were also dependent upon surface temperature. 

It was not possible to obtain the exact velocity and 

concentration required for a particular run go in order that 

the deposition rate results could be plotted as a function of 

temperature for a specific concentration difference and gas 

velocity, they were corrected to one value assuming relation- 

ships (1) and (2). The deposition rate results plotted as 

a function of temperature with velocity as parameter are 

shown in Figs. 8.11 a-c & 8.12 a-d. The theoretical 

results (Appendix 7) are superimposed upon the experimental 

resultse For sodium chloride the theoretical results have 

been calculated using the vapour pressure data of Zimm & 

Mayer (19)),) measured 'in vacuo!, and the data of Jackson 

& Duffin (1963) measured in the presence of water vapour. 

In the case of potassium chloride, the only available data 

was measured 'in vacuo!. Average surface temperatures were 

used in Figs. 8.11 & 8.12 because of the temperature 

distribution which existed around the ring. 

The reproducibility of 90% of the experimental results 

was to within 10% on the plateau, but was less as the surface 

exerted an appreciable vapour pressure. This was due to the 

sensitivity of deposition rate upon surface temperature in 

this region. 

Oa the plateau region of the curves the average deposition 

rates were % above the theoretical rate for sodium chloride 

and 8% above for potassium chloride. The agreement was again 

less when the surface deposit exerted an appreciable vapour 

pressure. However the slopes of the experimental curves were 

similar to the theoretical ones, and im the case of sodium 
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chloride, the results were closer to the theoretical ones 

using Zimm & Mayerts (19l,) data. As water vapour is present 

in the system, one would have expected the experimental 

results to have been closer to the theoretical results 

evaluated using Jackson & Duffin's (1963) data. 

The dependence of the rate of deposition in the turbuleat 

wake downstream of the tube upon velocity and concentration 

was less well defined. In general, the rate was one third of 

the deposition rate at the upstream surface of the tube for 

both salts. 

8.1.2.3 Gondensation Points 

Average temperatures of the upstream surface between the 

forward stagnation point and the separation lines are plotted 

in Figs. 8.11 & 8.12, so the temperature at which the rates 

of deposition are zero do not give values of the condensation 

points. As the surface temperature decreased from the 

forward stagnation point around the ring, zero deposition rate 

occurred on the upstream surface when the condensation point 

coincided with the surface temperature at the line of flow 

separation. In practice the condensation point for a 

particular concentration was obtained from the angle i which 

the condensation line appeared as described in section 7.2.3. 

Mean values for the condensation points as determined for 

various temperatures at the stagnation point are listed in 

Tables 8.1 & 8.2. The values obtained from previous workers! 

vapour pressure data are also included. 

8.1e53 Analysis of Deposits 

The sodium, potassium, chloride and sulphate contents of 

random samples of upstream deposits of both salts were 

determined. The chemical composition of the collected deposits



  

  

  

  

  

  

  

  

        

Concentra-] Nominal | Run No. Temp. at] Angle Corres-— Mean : Previously observed 
tion of .] main stagna-. | subtended: | ponding ~| condensa- condensation points, 
sodium stream tion at limit condensa- | tion oc. 
chloride velocity point, of tion point, me : . 

torr n/s Og, deposition, | point, oc. oe " ‘ae 

| eee - (1965) (1944) 
DTT 710 23 a 907 

10.5 D75 720 54 703 
D76 735 64 Ai2 

0.055 18.0 D110 125 59 706 707 

. D123 730 70 705 

D44 725 32 722 
10.5 D45 740 45 Tok 

D48 750 69 732 

D94 129 30 750 0.110 ae D92 740 33 135 2? 

¥ D91 750 50 740 
D95 760 67 741 

30.0 D117 750 cee 729 

10.5 D69 770 39 765 
0.250 DEs 785 7. 761 760 

18.0 D102 785 15 760 

30.0 D128 765 55 7154                     

TABLE 8.1 Determined Condensation Points for Sodium Chloride.  
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Nominal Run No. Temperature | Angle Sub- | Corres- Mean Previously 
main-stream at stagnat—- | tended at ponding Conden-| Observed 
velocity, ion point, Limit of condensa-— | sation condensa-— 
n/s OG. deposition | tion point] point, gion point, 

(degrees) O¢, og .; 
(Wartenberg 
& Albrecht 

1921) 

Nominal 18 G 25 685 58 665 
Concentration 
of Potassium 
Chloride a is 2 ¢ 
= 0.0350 torr. 18 G 77 670 46 661 662 651 

18 G78 685 68 659 

Nominal 18 G 29 705 60 686 
Concentration 
of Potassium 
Chloride roe 
= 0.0650 torr. a8 Pore ie a1 406 

18 G 36 710 70 682 682 678 

10.5 G 54 700 60 681 

10.5 57 710 77 675 
4   

TABLE 8.2 Determined Condensation Points for Potassium Chloride. 
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Nominal Run No. Temperature | Angle Sub-] Corres-— Mean Previously 
nain-stream at stagnat= | tended at ponding Conden- | observed 
velocity, ion point, limit of condensa-— sation condensa- 
n/s oC. deposition | tion point, point, tion point, 

(degrees) | °C. OC. ng 
(Wartehberg 
& Albrecht 

1921) 

Nominal 10.5 G 39 120 44 708 
Concentration 
of potassium 
Chloride - ‘ 
201125 tam. 10.5 G 44 7350 66 709 

Se ee 706 708 
10.5 G 45 Tae s. 701 

2oO;S e297 710 29 706 

Nominal 10.5 G 59 735 36 730 
Concentration 
of potassium 

Chloride io ce? G 60 745 49 734 to) 742 
=O. 250: SOI s 

16,5 G 61 745 47 755                   

TABLE 8.2 Determined Condensation Points for Potassium Chloride 
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differed little from the composition of the A-R. sodium 

chloride and potassium chloride used in preparing solutions 

for injection (Table 8.3 a&b). Samples of the deposits 

which had fused were subjected to X-ray analysis and it was 

confirmed that such deposits were essentially crystalline. 

8.2 Deposition of Sodium Sulphate 
  

8.2.1 Effect of Run Duration upon Deposit Weight 

To find the maximum amount of deposit that could be 

collected on the ring before the deposition rate began to 

decrease, weights of deposits were collected for increasing 

run times. The surface temperature was kept below the fusion 

point of the sodium sulphate deposit. As can be seen from 

Fig. 8.13, the rate of deposition tended to decrease at 

weights above 150 mg. 

8.2.2 Effect of Variation of Surface Temperature, Gas Velocity 
  

and Concentration of Salt Vapour 
  

(a) Physical Character of Deposited Salt 

Increasing the mainstream velocity above 10-5 m/s and 

concentration of salt above 0.1 torr caused only partial 

vaporisation of the salt and resulted in impaction occurring 

especially in a thin band around the stagnation point (Fig. 

8.1). Hence, to prevent impaction occurring, only the lowest 

velocity obtainable in the combustor (i.e. 10.5 m/s) and small 

concentrations of the salt could be used. 

As with the previous two salts the morphology of the 

sodium sulphate deposits was dependent upon surface temperature. 

At the lowest temperatures investigated (150°C) white dendritic 

erystals grew out from the surface (Fig. 8.15). However, the 

dendritic growth was less distinct and the crystal facets were 

not so clearly defined as the sodium chloride and potassium 

   



(a) 

(b) 

  

  

A.R- Sodium chloride, Typical sample 

  

    
  

  

  

        

w/wh « of upstream _ 
deposit, w/w%. 

Sodium 38.6 38 2 

Potassium 0.20 © 1 

Chloride 60 5 59.7 

Sulphate 0.0 0 3 

A-R. Potassium Typical sample 
chloride, w/w%. of upstream _ 

deposit, w/w%. 

Sodium 0.0 Oel 

Potassium 5202 y eB 

Chloride 7 2 N65 

Sulphate 0.0 O okt 

Bromide 0.0 0.0 

TABLE 8 3 

Comparative Analysis of Injected Salts and 

Deposit 
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chloride deposits. As the surface temperature was raised, 

the dendrites became gradually smaller and the deposit became 

fused. Small crystals continued to grow out of the melt even 

at high temperatures giving the molten deposit a white appear- 

ance. 

Contrary to the results for the two previous salts, it 

was found that the morphology of sodium sulphate deposits was 

also dependent upon the concentration difference of salt 

vapour between the mainstream and tube surface. The effect 

of concentration gradient was to alter the temperature range 

over which the deposit became fused. These temperature ranges 

are given in Table 8 lp. As with the previous two salts the 

fusion temperatures were well below the normal melting point 

of sodium sulphate indicating that supercooling occurred. 

At low surface temperatures (450°C), the downstream 

deposit was composed of very fine dendrites of the same form 

as the upstream deposit. With increasing temperature, the 

crystals became smaller until complete fusion was evident over 

the range 530°c - 550°C. This temperature range was indepen- 

' dent of the concentration used. 

(b) Rates of Deposition 
  

Within the laminar boundary layer, the deposition rates 

were found to be independent of surface temperature until the 

surface deposit started exerting an appreciable vapour 

pressure. 

Only at the lowest concentrations investigated was the 

deposition rate proportional to the concentration difference. 

Hence it was concluded that above a concentration of 0.011 

torr, the salt was not fully vaporised. So that the results 

of the fully vaporised salt could be compared graphically with
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Concentration of 
sodium sulphate 
in gas-phase, torr 

Temperature range over 
which fused salt starts 

to appear, °C 
  

  

  

    
0.100 660 = 680 

0.0250 620 - 6l0 

0.0110 50 - 560 

0.0055 390: 550       

TABLE 8.4 

Fusion temperatures at the concentrations 
  

investigated
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the theoretical curve they were corrected to a specific 

concentration and velocity as were the sodium chloride and 

potassium chloride results. It was inferred that the rate 

of deposition of the fully vaporised salt would be proportional 

to the square root of the velocity although this could not be 

experimentally verified due to difficulties of vaporisation 

(Section 7-21). 

The experimental results for concentrations of 0.011 

torr and 0.060 torr together with the theoretical curves are 

shown in Fig. 8.16. The deposition rates on the plateau 

were approximately 30% above the theoretical ratese The 

discrepancy was similar when the surface deposit exerted an 

appreciable vapour pressure. The dependence of the rate of 

deposition in the turbulent wake upon surface temperature and 

concentration was less well defined, but in general was one 

fifth of the rate on the upstream surface of the tube. 

8.23 Gondensation Points 
  

Condensation points were found as described in Section 

T2055 As they were in the region of 900°C a platinum coated 

austenitic target ring was constructed and used at these high 

temperatures to determine the points. Although the platinum 

coating was superior to the ceramic coating at high tempera- 

tures, the cost prohibited more than one ring being madee 

The condensation points shown in Table 8.5 were only obtained 

for the two lowest concentrations where complete vaporisation 

was postulated as taking place. The points were difficult to 

determine due to the temperature variation around the ring 

being smaller at higher temperatures which meant the condensa- 

8.2-. Analysis of Deposits 

| 

| tion line was less distinct. 

 



  

  

  

  

  

  

    

Run No. Temperature | Angle Sub- |Corres- Mean Previously 

of stagna- tended at ponding Condensa- observed 
tion point, | limit of condensa— tion condensa-— 

"C. deposition |tion point | point, tion point, 
(degrees) OC. oc. OC . 

(Halstead, 
1967) 

Nominal EB 51 870 69 860 

Concentration of 
Sodium sulphate 
= 0.0110 torr ae ete E 53 850 40 848 859 867 

main stream 
velocity 
= 10.5 m/s E 56 880 75 868 

Nominal 

Concentration B6él 850 81 833 

of Sodium Sulphate 
= 0.0055 torr 831 839 
and nominal 
main stream B13 835 52 829 
velocity                 

TABLE 8.5 Determined Condensation Points for Sodium Sulphate
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Random samples of deposit were analysed for sodium and 

sulphate content. The results (Table 8.6) showed that the 

composition differed little from the A.R. sodium sulphate 

injected into the combustor. 

Samples of the deposits, both crystalline and fused, were 

subjected to X-ray analysis. In all cases, it was found that 

NagSO) 111 was the only form of sodium sulphate present. 

8-3 Deposition of Galcium Chloride 
  

83-1 General Characteristics 

As with the previous salts investigated, it was found 

that a weight of 100 mg of crystalline deposit could be 

deLiseted on the ring before the rate of deposition began to 

decrease (Fig. 8.17). 

Above velocities of 10.5 m/s and concentrations of 0.060 

torr deposition by impaction as well as diffusion occurred. 

Below concentrations of 0.060 torr deposition was entirely by 

diffusion. At low surface temperatures (520°C) dendrites 

grew outwards from the upstream surface beneath the laminar 

boundary layer (Fig. 8.18). These dendrites were of similar 

form to the sodium sulphate crystals but were larger for the 

same weight of deposit collected. As the temperature was 

increased, the dendrites decreased in size until the deposit 

was completely fused. The fusion point was independent of 

concentration and occurred over the range 580° - 590°C. 

Discrepancies between rates of deposition in similar runs 

were as high as 50%; however, even with this poor reproduc- 

ibility, deposition rates decreased markedly above a tempera- 

ture of 600° (Fig. 8.19)” which suggested that the surface 

was exerting an appreciable vapour pressure above this 

temperature. Reference to the data of Hilderbrand & Potter 

 



  

  

  

  

          

A-R. Sodium Typical sample of 
sulphate w/w% | upstream deposit w/w% 

Sodium 315 31.8 

Potassium 0.2 0.0 

Sulphate 66-9 67 9 

Chloride 0.2 0.0 

TABLE 8.6 

  
Comparative analysis of injected salt and deposit 
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(1963) showed that at the concentrations of salt used, the 

deposit should not exert an appreciable vapour pressure until 

a temperature of 900°C was reached. The anomaly between 

these differing results was explained on analysis of the 

deposits which were found to be a mixture of calcium carbonate, 

sodium chloride and a small amount of calcium chloride. 

Typical chemical analysis of the anions and cations present 

are shown in Table 8.7. The compounds in the deposit were 

obtained by X-ray analysis. 

Rigorous tests were then carried out to find the source 

of the sodium chloride. These tests were in two stages, 

firstly runs were made without salt injection and it was 

found that no salt deposit formed on the target ring. 7 

Secondly, the salts used in previous tests were injected 

individually in consecutive runs and each deposit was analysed. 

The deposits were only found to contain the injected salt. 

Hence it was concluded that the sodium chloride must have been 

released by an exchange reaction between the calcium chloride 

and the salt glaze which had formed on the combustor as a 

result of the sodium chloride tests. 

1. No correction has been made for variation in concentration 

and velocity between runs. 
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Run | Temperature Deposit analysis 
No. at forward 

Stagnation : _ - of 
point, °C PC 3 PH 0 Poy ’Ng “Ca 

F36 620 20 13 ly 17 12 ay 

F37 600 19 72 13 45 43 

F38 550 : a5 cere nt 12 al 

P39 520 26 12 19 10 31                   
TABLE 8.7 

Analysis of Deposits from Injection of Calcium Chloride 

into Combustor 

 



  

SECTION 

Discussion of Results 

9-1 Deposition of Sodium Chloride and Potassium Chloride 

As the results obtained with these salts were similar, 

they will be discussed together. 

9-1-1 Deposition by Impaction and Diffusion 

These tests formed part of the proving trials for the 

combustor and were only carried out using sodium chloride. 

Comparison of the deposition curves for partial and complete 

vaporisation of the salt are depicted in Figs. 8.2 and 8.11. 

From these figures it can be seen that the collection by 

impaction which occurs under conditions of incomplete 

vaporisation caused deposit formation beyond the dew-point 

of the salt. It is thus possible for deposits of a given 

salt to form at surface temperatures above the condensation 

point as calculated from vapour diffusion theory. Under 

such conditions, droplets of salt impact at a rate which 

exceeds the rate of evaporation. In boiler practice, similar 

processes may account for the presence of a salt in a boiler 

tube deposit at high surface temperatures and hence complicate 

the formulation of a theory of deposition. 

9.1.2 Deposition by Diffusion 
  

The observed rates of deposition of sodium chloride and 

potassium chloride for the area within the laminar boundary 

layer were respectively l% and 8% higher than the theoretical 

deposition rates in the plateau range of surface temperature. 

At these temperatures the deposited salt does not exert an 

appreciable vapour pressure. In the theoretical calculations 

it was assumed that vapour diffusion was the sole mechanism 

of transport to the surface and so the discrepancy between the 
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two rates could be due to thermal diffusion. It has been 

estimated in Appendix 5 that this second mechanism could 

introduce a maximum increase of 6% for sodium chloride and 

9% for potassium chloride of the amount which would deposit 

as a result of vapour diffusion only. 

As the surface temperature was raised, the vapour 

pressure exerted by the surface deposit became greater, hence 

the driving force for mass transfer and the theoretical 

deposition rate decreased. The vapour pressure exerted by 

the surface deposit was calculated using previous workers 

data of vapour pressure of the salt as a function of tempera~ 

ture- Zimm & Mayer (19) measured the vapour pressure of 

sodium chloride 'in vacuo! as a function of temperature while 

a second set of data obtained by Jackson & Duffin (1963) in 

the presence of water appeared to show that the effective 

vapour sivewtire of the salt was increased. As the water 

vapour content of the present system is approximately the same 

as in Jackson & Duffin's system, it might be expected that the 

experimental results would be closer to the theoretical curve 

calculated using their data. However it was found that the 

results were closer to the theoretical curve calculated us ing 

Zimm & Mayer's data. It was also found that the experimental 

results with potassium chloride were in good agreement with 

the theoretical curve which made use of vapour pressure data 

measured 'in vacuo! (Wartenberg & Albrecht 1921). There were 

no data for the vapour pressure exerted by potassium chloride 

in the presence of water vapour. Jackson & Duffin (1963) 

explained the differing vapour pressure results between a 

system 'in vacuo! and one containing moisture by postulating 

that the water vapour reacts with sodium chloride to form 

 



    

Soe 

sodium hydroxide. However, as in the present system, there 

is reasonable agreement between experimental and theoretical 

results using the data of Zimm & Mayer (19l)), this reaction 

does not seem to occur. 

A more detailed comparison between the two systems 

reveals an alternative explanation for the discrepancy. 

Jackson & Duffin (1963) measured the vapour pressure exerted 

by sodium chloride in a similar system to the current one. 

The salt was evaporated from a platinum crucible in the 

hottest part of the combustion chamber and the concentration 

of it was varied by adjusting the temperature of the crucible, 

and determined from its loss in weight. The sodium chloride 

was condensed onto a platinum/rhodium target tube, the 

temperature of which was controlled by cooling air as in the 

present system.- The Reynolds number of the flow based on 

tube diameter was only 21 so the temperature around the tube 

was uniform; this, together with the fact that there was a 

slight temperature gradient along the tube, meant that the 

dew-point line appeared circumferentially around the ring. 

The temperature at this point was estimated by interpolation 

between measured values. The dew-point experiments were 

carried out with atmospheres of nitrogen, the nitrogen 

containing 8% v/v water vapour and flue gas from the combustion 

of both benzene and propane. The results from the three 

series of experiments with water vapour present were similar, 

and differed from the results 'in vacuo!. Jackson & Duffin 

(1963) concluded that there was a reaction between the sodium 

chloride and water vapour on the platinum/rhodium tube surface 

and the resultant hydroxide evaporated immediately. Since no 

sodium hydroxide was analysed in the deposits, a more likely
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explanation is that a reaction occurred between the sodium 

chloride, the water vapour and the lining of their combustor 

which was alumina, resulting in the formation of sodium 

aluminate. Clews (1925) found that this reaction occurs at 

an appreciable rate above a temperature of 830° according 

to the equation:- 

2xNacl + yA130z + XH,O & sHtaly Als t, 2 2xHCl 

At 1,000°G it was found that 99% of the chloride was converted 

after passing moist air over a mixture of equal weights of 

sodium chloride and alumina for 5 hours. The lining of the 

present combustor is a complex mixture of alumino~silicates 

which will contain a certain amount of free silica. This 

silica will react with both sodium chloride and potassium 

chloride forming sodium silicate and potassium silicate 

respectively. However, Clews & Thompson (1922) found that 

the reaction for sodium chloride was extremely slow as only 

18.7% of the salt in a mixture of equal weights of sodium 

chloride and silica was converted to the silicate after 46 

hours in a moist gas stream at 1,000°%. 

The reaction between the alumina combustor walls and the 

sodium chloride also explains why the experimental results of 

Jackson & Duffin (1963) were 30% below the theoretical 

deposition rate. 

The rate of deposition at the rear of the tube beneath 

the turbulent wake was one half to one third of the rate 

within the laminar boundary layer when the surface deposit 

did not exert an appreciable vapour pressure. Therefore it 

can be concluded that as more deposition occurs on the area 

beneath the laminar boundary layer so corrosion will be greater 

in that region. This phenomena has been observed in boilers
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and an example of a cross-section through a corroded boiler 

tube from a front row of a tube bank is shown in Fig. 22-6 

However, theoretically it was to be expected that the mass 

transfer rate would be similar to that under the laminar 

boundary layer because at the order of Reynolds number used, 

the heat transfer around the target tube is approximately 

uniform, and, as mass transfer rates were low, the heat and 

mass transfer should be analogous. An explanation for the 

discrepancy is that nucleation of the diffusing salt vapour 

will begin before it reaches the surface of the target tube 

because the temperature gradient across the turbulent wake 

will be considerably smaller than across the laminar boundary 

layer. Therefore the diffusivity of the vapour will decrease 

and, consequently, the mass transfer rate will be less. 

In the area beneath the laminar boundary layer it is 

concluded that nucleation begins on the surface of the tube 

as there is good agreement between experimental and theoretical 

results. 

9-1-3 Physical Characteristics of Deposited Salt 
  

The fused appearance of the deposits of sodium chloride 

and potassium chloride collected at temperatures up to 190° 

and 212° respectively, below the melting points of the salts, 

is of particular interest. The presence of a molten phase, 

although transient, on a boiler tube would increase both 

corrosion and the cementing of particles together (bridging). 

Microscopic examination and X-ray diffraction analysis showed 

that such deposits after cooling were crystalline. As the 

temperatures at which this supercooling effect occurred were 

well below the melting points of the salt, and as there were 

no visible flow marks around the ring, persistence of a molten



  

107 - 

phase was unlikely. Hence it can be concluded that the 

supercooled matter deposits in a molten form and then proceeds 

to crystallise from the melt. 

Nucleation of solid salt from either the vapour or 

liquid phase occurs at a temperature which is at or below 

the melting point of the salt. The latter case is referred 

to as supercooling. Nucleation can be considered as 

homogeneous because the concentration of salt in the vapour 

phase is so low that the bulk material is effectively divided 

into minute samples, so any foreign matter which could act as 

a catalytic nuclei will be confined to a small fraction of 

the vapour. 

Rapid cooling delays the spontaneous appearance of a 

condensed phase until a critical temperature, known as the 

freezing threshold, is reached (Buckle & Ubbelohde 1960). 

The interval between the threshold temperature and the normal 

melting point decreases as the rate of cooling is decreased. 

The nature of the condensed phase is also influenced by the 

rate of cooling. Thus, whereas a low to moderate rate of 

cooling allows salt to condense in the sequence, vapour/ 

liquid/solid, a rapid rate can induce a direct vapour/solid 

transition (desublimation). Buckle & Ubbelohde (1960) 

observed that with initial and final cooling rates of 

S600 C0 and GeO’ ba  wesvechively) sevavele-o4 budtue 

chloride and potassium chloride did not form until 632°C and 

601° respectively. These temperatures were considered to 

be the freezing threshold temperature of the two salts. 13 

the current tests, the transition from a fully crystalline to 

a fully fused deposit occurred over the temperature range 

610°C = 640°C for sodium chloride, and 560°G - 585°C for 
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potassium chloride. Although the enviromment for condensation 

was more dynamic involving velocities of between 10 m/s and 

30 m/s these temperatures agree approximately with the thresh- 

old temperatures observed by Buckle & Ubbelohde (1960). The 

average cooling rate in the present system was approximately 

1 which is similar to that in Buckle & Ubbelohde's 23,000°%s 

experiments, if a linear gradient is assumed:(see Table 9.1). 

Jackson & Duffin (1963) did not observe a supercooling 

effect when studying the condensation of sodium chloride onto 

a cooled tube. A comparison between the flow conditions of 

Jackson & Duffin'ts tests and the present ones (Table 9.1) 

shows that the cooling rate in the neighbourhood of their 

target tube was only 500°cs 71. So it appears there is a 

critical cooling rate between 500°¢s~~ ana 23,000°cs + at 

which supercooling of the salts begin. 

At temperatures below the lower limit of supercooling the 

degree of supersaturation is high and desublimation occurs to 

give a similar dendritic deposit for both salts (Figs. 8.) 

and 8.9). The dendrites of potassium chloride, however, 

seemed to be larger. With increasing temperature the degree 

of supersaturation decreases and supercooling begins to become 

significant at temperatures which are associated with the 

formation of elongate crystals (Figs. 8.5 and 8.10). 

The elongate crystals of sodium chloride were smaller 

and grew more uniformly than those of potassium chloride. 

Signs of dendritic growth were always visible among the 

elongate crystals of potassium chloride. 

Elongate crystals of sodium chloride have been grown by 

Turchanyi, Horvath & Tarjan (1963) at low supersaturations of 

the salt. They explained this crystal growth in terms of an



  

  

  

                

Gas Tube | Reynolds Gon- Thick- |Cool- 
Velocity| dia- number ductance,| Mess of ing 

8 meter (based on|g cm7@s74| boundary|rate, 
cm tube dia- layer at] deg-C 

meter ) an angle| g71 
of 60° 
from the 
forward 
stagna- 
tion 

point, 
mn e 

(2) (3) (1) 

Work of 

ataeeee 003 1.0 21 |2.6x1074 7 500 
(1963) 

(1) (),) 

Present -3 
Wel 10 5 5el 3,700 |3-lx10 2 123,000 

  

(1) A low velocity is used for this comparison in order to 

Sive the lowest rate of cooling. 

(2) Galculated from the heat transfer correlation N, 

(Nye )°°385 (Mcadams 1954 b.). 
Yu 

= 0 e821 

(3) As the Reynolds number is low, the pressure distribution 

will be almost constant around the target tube and the 

thickness of boundary layer can be calculated from the 

standard formula for a laminar boundary above a flat 

plate. 

(.) Calculated by multiplying the average salt velocity 

through the boundary layer by the cooling rate in terms 

of distance across the layer at a surface temperature 

when supercooling started to occur. A linear tempera- 

ture gradient was assumed in calculating the cooling 

rate * 

  

TABLE 9.1 

Comparison with the Results of Jackson & Duffin 

 



  

WO
 

AK
 

OM 
A
 
!
O
0
O
—
 

i 

tr i 

Va
po
ur
 
pr
es
su
re
, 

to
rr
. 

O 1
 { 

w
 

hb
 

NO 
A
\
I
W
O
O
—
 

I 

               O° i { i | I 

600 TOO 800 900 

Temperature, °C 

FIG. 9-1 VAPOUR PRESSURE OF. THE FOUR SALTS 

INVESTIGATED AS A FUNCTION OF 
TEMPERATURE 

  

  

  
{ 

1000 '



    

110. 

axial screw dislocation which emerges as a growth step in the 

growing crystal face. 

9-2 Deposition of Sodium Sulphate 

9.2.1 Difficulties of Vaporisation 

Sodium sulphate was found to be much more difficult to 

vaporise than either sodium chloride or potassium chloride. 

An indication of this difficulty can be obtained from Fig. 

9-1 which compares the vapour pressure/temperature relation- 

ships of the four salts - sodium chloride, potassium piienias) 

sodium sulphate and calcium chloride. 

At the lowest velocity possible in the combustor, namely 

10-5 m/s, and concentrations of sodium sulphate vapour above 

0.100 torr, noticeable impaction occurred. Below this value 

of concentration an even deposit formed containing no crystals 

greater than 10 microns, which suggested that the salt was 

fully vaporised and therefore vapour diffusion and thermal 

diffusion were the only mechanisms of collection. However 

the rate of deposition was found to increase proportionally 

upon a decrease of the concentration when the surface deposit 

did not exert an appreciable vapour pressure until the level 

of 0.011 torr was reached. On further reduction of the 

concentration level, it was found that the deposition rate was 

proportional to the concentration gradient. Therefore it can 

be concluded that between concentrations of 0.100 torr and 

0-011 torr, particles of sodium sulphate smaller than 10 microns 

exist in the flue gas and transfer to the surface by particle 

diffusion. As the resistance of small particles is far 

greater than that of vapours, the rates of deposition by 

particle diffusion will be less than by vapour diffusion. 

9-2-2 Deposition by Diffusion 
  

  

 



    

lil. 

For the area within the laminar boundary layer on the 

front of the tube at surface temperatures at which the salt 

exerted a negligible vapour pressure the deposition rates 

were, on average, 30% higher than the theoretical deposition 

rates. It was calculated in Appendix 5 that the maxinum 

discrepancy introduced by thermal diffusion would be only 11%. 

The remaining difference of 19% between theoretical and 

experimental results could be accounted for by the errors in 

evaluating the density of sodium sulphate at its boiling point 

which involved extrapolation from only five experimental 

points. The boiling point density of sodium sulphate is 

required in the calculation of the diffusivity of the salt. 

At average surface temperatures above 720°C, the vapour 

pressure exerted by the deposited salt became increasingly 

significant, and the theoretical curve of deposition rate 

descended. The experimentally observed values followed a 

similar pattern to the theoretical curve. However as only 

a few points were obtained due to the high temperature of 

the surface, a close comparison cannot be made. The observed 

condensation points were in good agreement to the values found 

using the vapour pressure data of Halstead (1967) which was 

measured 'in vacuo!. 

The rate of deposition at the rear of the tube beneath 

the turbulent wake was only a fifth of the upstream deposition 

when the salt was fully vaporised. his ratio was greater 

than was observed with either sodium chloride or potassium 

chloride, and suggests that the salt was mucleating further 

from the tube surface. 

9+2e53 Physical Characteristics of Deposited Salt 
  

As with the two previous salts investigated the fused 
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appearance of deposits, collected at temperatures up to 350°C 

below the melting point of the salt, Wie: aie main interest. 

Microscopic examination and X-ray diffraction again showed 

that the deposits after cooling were crystalline. 

The main difference between the supercooling of sodium 

sulphate, sodium chloride and potassium chloride was the 

dependence on concentration even when the salt was fully 

vaporised. Therefore the nucleation of sodium sulphate 

vapour appears to be a function of concentration as well as 

rate of cooling. Whether the dependence upon concentration 

is because of heterogeneous nucleation due to impurities in 

the system is impossible to discern. 

At temperatures below the lower limit of supercooling 

desublimation occurred to give a dendritic crystal growth. 

These dendrites were not as well defined as the dendrites 

of sodium chloride and potassium chloride which is possibly 

due to the transition from one form of sodium sulphate to 

another on cooling the deposit. Five forms of sodium sulphate 

are known to exist (Table 9.2); the deposits being entirely 

composed of type III. Hence it is postulated that on initial 

deposition, sodium sulphate I or II was formed and both being 

unstable transformed to sodium sulphate III on cooling. Small, 

Strawson & Lewis (1963) also found that sodium sulphate III 

appeared in a deposit which was formed from the vapour phase 

and subsequently cooled. 

9-4 Calcium Chloride 

Previous experimenters have shown that at temperatures 

above 700°G calcium chloride will react at an appreciable rate 

with both water vapour (Robinson, Smith & Briscoe 1926) and 

carbon dioxide (Mellor 1923 ) according to the reactions:- 

 



  

High temperature form 

  

(stable above 11°) Na$0), -I 

Unstable mage? wr Le 

Decreasing Metastable at room 
temperature temperature Hes?) - III 

Unstable Na,S0O, - IV arg 

Low temperature form 
(stable at room 
temperature ) Na,80), - V 

The phase changes occur over the small range of tempera- 

ture 190°C - 20°C and the proximity of the transition 

temperatures and associated hysteresis effects have made it 

difficult to measure the actual transition temperatures. 

TABLE 9.2 

The Crystalline Forms of Sodium Sulphate 

 



  

= 0 Cacl, + 21,0 = Ca(OH), + 2HG1 

2cago,.* 261 Cacl 3 2 2 + 260, Ms = 

As there is a high percentage of carbon dioxide in the flue 

gas from the combustion of propane, the second reaction 

explains why calcium carbonate was found in the deposit. The 

reason for the absence of calcium hydroxide in the deposit is 

that its vapour pressure in the main gas stream was too low 

for condensation to occur at tube temperatures above 530°. 

At the highest concentration of calcium chloride used, 0.060 

torr, if 50% of the salt was converted to the hydroxide, a 

surface temperature of less than 530° would be necessary for 

the calcium hydroxide to condense onto the tube. 

It is proposed that the occurrence of sodium chloride in 

the deposits is due to the reaction between the calcium chloride 

and the slight salt glaze of sodium silicate which was present 

on the combustor walls. The salt glaze appeared during the 

sodium chloride test runs over a period of several weeks. 

At low surface temperatures the growth of the deposit was 

dendritic. As with sodium sulphate, the dendrites were not 

well defined, which was most likely due to a mixture of 

compounds being present. As the surface temperature was 

raised the crystals gradually became inadine until above a 

temperature of 590°C, the deposit was fully fused. This 

fusion temperature would be dependent on the eutectic reaction 

between the calcium carbonate and sodium chloride as well as 

the freezing threshold temperatures of both compounds.    



  

SECTION 10 

Conclusions 

The specific conclusions drawn from this work can be 

summarised as follows :- 

(1) Under conditions normally prevailing, a laminar boundary 

layer will be formed in the front row of a boiler tube bank. 

(2) In the region within the laminar boundary layer the 

deposition rates of sodium chloride and potassium chloride 

are proportional to: 

(a) The concentration difference of the salt vapour 

between the bulk gas stream and the tube surface. 

The concentration difference is only dependent upon 

surface temperature at values at which the devosits 

exert an appreciable vapour pressure. 

(b) The square root of the main gas stream velocity. 

(3) The deposition rate of fully vaporised sodium sulphate 

within the laminar boundary layer is proportional to the 

concentration difference of the vapour between the bulk gas 

stream and tube surface. The concentration difference is 

again only dependent upon the surface temperatures at values 

at which the deposits exert an appreciable vapour pressure. 

It can be inferred that the deposition rate is also 

proportional to the square root of the main stream velocity, 

but this could not be verified over a range of velocities due 

to experimental difficulties in vaporising the salt. 

(.) Theoretical calculations using a heat/mass transfer 

analogy adequately predicted the experimental results of 

sodium chloride and potassium chloride and the agreement may 

be improved by estimating the effect of thermal diffusion. 

Similar theoretical calculations for sodium sulphate 
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which included the effect of thermal diffusion, gave Sales 

of deposition rates which were 19% below the experimentally 

observed results. It is concluded that the discrepancy is 

due to the paucity of experimental data required to calqmlate 

the density of sodium sulphate. 

(5) Failure to vaporise the injected sodium chloride 

completely led to deposition at temperatures beyond the 

condensation point. This is because material will deposit 

onto the tube by inertial impaction at a faster rate than 

at which it will evaporate from the surface. 

(6) Fused deposits of sodium chloride, potassium chloride 

and sodium sulphate were found at temperatures of 190°C, 

212° and 350°C respectively below their normal melting 

points. 

(7) The fusion points of sodium chloride and potassium 

chloride are dependent only upon the rate of cooling while 

the fusion point of sodium sulphate is also dependent upon 

the concentration of vapour in the bulk gas stream. The 

dependence upon concentration could be due to nucleation of 

sodium sulphate vapour being affected more by any impurities 

in the system (heterogeneous nucleation) than with the other 

two salts. 

(8) Theoretical calculations indicate that the vapour pressure 

observed 'in vacuo! gives a best prediction of deposition rate. 

(9) The dendritic crystals of sodiun chloride, potassium 

chloride and sodium sulphate, and the elongate crystals of 

sodium chloride and potassium chloride are formed by de- 

sublimation, while the fused deposits of all three salts are 

formed in the sequence vapour/liquid/solid. 

(10) The deposition rates of sodiun chloride, potassium



ates 

chloride and sodium sulphate in the turbulent wake are less 

than in the region beneath the laminar boundary layer, which 

explains why less corrosion occurs on the rear part of a 

boiler tube. 

(11) A heat/mass transfer analogy cannot be used in predicting 

the rates of deposition in the turbulent wake because of 

mucleation of the salt before the tube surface. 

(12) Calcium chloride reacts appreciably with carbon dioxide 

and water vapour at a temperature of 1000°c, forming calcium 

carbonate and calcium hydroxide respectively. Due to these 

reactiols, calcium chloride is not important in the corrosion 

of boiler tubes or in causing deposit build up on them. 

From these twelve specific conclusions, three general 

ones can be made regarding the corrosive and bridging 

characteristics, in particular of high alkali content coals, 

as follows :- 

(1) The rate of boiler tube corrosion will increase as the 

transfer of alkalis to the tube surface increases. The 

mass transfer rate will be greater on areas beneath a laminar 

boundary layer than beneath a turbulent wake. 

(2) The appearance of fused deposits at temperatures well 

below the dew point of the galt will lead to larger corrosion 

rates than expected at low tube surface temperatures. 

(3) The onset of fusion will increase the rate of bridging 

between boiler tubes by cementing the fly-ash particles 

together with resultant loss of heat transfer and imcrease 

in the pressure drop across the tube bank. 
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APPENDIX 1 

  

Calculation of the Range of Velocities 

possible in the Target Section 

If it is assumed that all gases passing into the combustor 

are initially raised to the flame temperature of 2,200°C, then 

it is possible to calculate the nett heat input into the 

combustor from the equation :- 

Nett heat, i Fe = Heat content of propane for 

stoichiometric combustion 

~- Heat required to raise excess air 

to flame temperature 

(This equation assumes perfect mixing). Ael.1l 

Graphs of velocity of flue gases in the target section 

versus nett heat input with propane feed rate and excess air 

as parameters are shown in Fig. A.l.l. The equations of 

these curves were derived as follows :- 

Two basic equations can be written expressing velocity 

and enthalpy of the combustion gases in terms of propane feed 

rate and percentage excess air. 

These are:- 

Bag: & a | 838p opt +e) + eProp Reid 

(As the volume increase on the combustion of propane is only 

% it is considered as negligible). 

1 as = QProp (a, - a,a,e,) Aol.3 

where, 

= Nett heat content of combustion gases, W. 

Velocity of gases in target section, m/s. GS 8 i 

Percentage excess air. ra u 

= Feed rate of propane, m?/hr. 

ae = Calorific value of propane 
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9.38 x 104 kr/m? 

a, = Conversion factor for volume flow at S.T.P. to 

velocity in target section at 1100°% 

= 9.3 x10 m= 

as = Heat content of air at 1100°¢ based on that at 

oO 
15. ¢ 

33h x 10? ko/m? 

a = Theoretical air required for combustion (m2, _/?) 

2h, 

Feed Rate as Parameter 

Substituting for e, in Equation A.1.2 
x 

* . a, -i 
es 2,252 prop (; —etray 888 + = Aelel a ‘ Jj i Prop j 

Bn QPnop = ear eyes 
where, 

a 
oe nh & = = 

= 

2.82 x 1079 m/ks 

and, 

in rr 2 + 
mt 

Ae 

Excess Air as Parameter 
\ 

Equation A.l.2 can be written as:- 

  

  

  

ao eS an®Prop [a,(2 48 e,.) + 1] Aele6 

Eliminating QProp in Equations A.1.6 and A.1l.3 

Igasg ~ Yeo (a, : 845°.) Aviat 

a, [a5 + e,,) +2] 

As > is small, approximately 0.05, it can be ignored. 
as 

J 
Rearranging Equation Ael.7 

Wo" Sea, (2 =) A.1.8 
an 7e,8, 
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where, 

*2 
a2 j 

ye21 x 104 kT/mn 
© u 

AY il
 

fe
 

= 356x 104 kJ /m 

As mentioned previously, Bishop's heat input figure forms the 

basis of estimating the range of velocities possible. The 

heat input into his combustor was 7,300 W and this value is 

indicated in Fig. A.l.l. 

The minimum velocity was controlled by the fact that for 

safety a minimum oxygen content of 3% is required which 

corresponds to an excess air factor of 15%. From the graph 

it can be seen that this gives a minimum value of 8 m/s. 

The maximum velocity of the flue gases is determined by 

the amount of propane available. From Fig. A.1.1 it can be 

seen that a minimum flow rate of propane of 16 kg/hr. is 

required so that the heat content of 7,300 W and the maximum 

velocity of 30 m/s are obtained. It was therefore decided 

to set the limit on the propane flow rate just above this at 

18 ke/hr., because at a greater flow rate, storage of propane 

would become a problem. 
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APPENDIX 2 

Formulae for Computer Programme 

The computer programme for evaluating the flow rates, 

oxygen content of the flue gas and the partial pressure of 

the salt involves a series of algebraic expressions in which 

values of the unknowns are obtained from the measured data. 

Due to the introduction of the S.I. system of units mid-way 

through the present project, quantities are expressed in both 

this and the English system. 

The formulae for the programme are as follows:- 

Chemical Equation 

CzHp +505 + 18.80, = 13,0 + 300, + 18 .8N, 

  

Corrected Oxygen (%), dry basis 

The oxygen content of the flue gas is measured by a Kent 

Oxygen Recorder (Section 5.1.7%3)and the value obtained is 

corrected for the carbon dioxide content of the flue gas and 

atmospheric pressure using the formulae:- 

Corrected oxygen % = Oo x 100E 
(100 +60, ) 

where E is a correction factor for atmospheric pressure, 

defined by:- 

r 
log. -2 log (+, ) + 2.16), 

P = atmospheric pressure, mm.Hg 

O> = observed oxygen (%) 

CO, = observed carbon dioxide (%) 

Calculated Oxygen (%), dary basis 

Calculated oxygen = Flow rate of oxygen in flue gas x 100 
Flow rate of dry flue gas 

As propane needs 23.8 times its own volume of air for 

Combustion, the flow rate of excess air is ‘a... - 25 BQp op) 

Oxygen is 21% v/v of air, so the flow rate of oxygen becomes:- 

 



  

( Qip 7 23-8 8prop ) x i 

  

21.8 molecules of ary gas are produced when 1 molecule of 

propane is burned in the stoichiometric amount of air (23.8 

molecules). Therefore the flow rate of dry combustion gases 

is?- 

{Total, ary * Sair ~ 22ppop 

Substituting in the original equation, calculated oxygen 

= 210.3, - 500 G0, 

Q 
  

i: 2Qpnop 

Propane Input 

The propane feed rate is measured by a flow-rator 

calibrated for standard conditions, hence the measured values 

have to be corrected by applying the ideal gas law as follows:- 

Py Qy o Pa . QProp 

*, *. 

where a, = Indicated reading of propane flow-rate, ft?/min. 

  

Qprop = Corrected reading of propane flow-rate, ft?/min. 

Pa = Pressure at which flow-rate is calibrated, 

= 21 in. wg. absolute. 

P, = Measured pressure, in. wg. absolute. 

tT, = Temperature at which flow-rator is calibrated 

278°K 

Ty = Measured temperature, “x, 

Therefore Qs (Std m?/min) = 2.83 x 102 (Std ft?/min). 
8Prop 

Air Input 

The air input to the burner is measured by a sharp edged 

orifice plate of 1.5 in. or 1 in. diameter dependent on flow 

rate. The actual flow rate is calculated from the formula: - 

Q... = Gonstant x P Ah }.# 

s 

oe Bk 
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where the constant takes into account the coefficient of 

discharge, the area ratio, viscosity of the air and diameter 

of orifice. it can be evaluated using graphs and tables 

given in B.S. 102. 

For the 1.5 in. diameter orifice, the constant = 216. 

For the 1 in. diameter orifice, the constant = 982.2. 

The other symbois in the equation are as follows:- 

Qoip = Flow rate of air, Std ft?/min. 

o = Measured air pressure, in. wg. absolute 

T, = Measured air temperature, °K 

Ah = Water differential across orifice, in. wg. 

Flow rate of air, Q.,,,(8td m/min) = 2.83 x 1072 Qaip (Sta ft7/nin) 
Calculated True Velocity, wet basis 

The difference between the flow of wet and dry flue gas 

is equal to the amount of water vapour produced from the 

injected salt solution and that produced as a result of the 

combustion of the propane. 

Let the injection rate of the salt solution be ®. ntvens 

ml/min. and, as 1 lb. mole of a gas occupies 378 Std ft?/min. 

at S.T.P. so the resultant flow of water vapour can be written:- 

Qsolvent x 378 

The amount of water vapour produced from the combustion of 

= 00h64 Qo oiyent Std ft?/min. 

propane is four times the propane input, so the resultant flow 

of combustion gases is: 

rotal, ary + 4 prop 
Therefore Qrotal, wet 7 Sotal, ary + 4 Wrop + O-OhOl OQ, oa vent 

where otal, wet i8 the total flue gas flow rate (Sta ft?/mia). 

The velocity in the duct can be obtained by dividing the flow 

rate Total, wet by the cross-sectional area, taking into 
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account the temperature of the gas in thetarget section. 

The area of the target section is 2h jae so the actual 

velocity in the vicinity of the target tube is:- 

Jeol x 1074 (273 + Te )Qrotal, wet 

1.0). x 1079(273 +7» )@rotal, wet 

where T, is the main stream gas temperature in the neighbour- 

True velocity (ft/s) 

True velocity (m/s) 

hood of the target tube. 

Salt Input 

The mass flow rate of the salt (g/min) = 0.001. Qsolvent” 

where © = Concentration of solution (g.sait/litre). 

Therefore the volume flow rate; 

Ssalt(std ft?/min) = 378 x 0-001- Q.oivent * © 
N53 06 X Moalt 

4 is the molecular weight of the salt 

  

where Meal 

Volume flow rate of the salt (Std m?/min) = 2.83 x 10° 

8salt (sta £t2/min). 

Calculated Volume Fraction of Salt Vapour in Wet Flue Gases 

Vealt = gait 

Sr otal, wet 

Calculated Partial Pressure of Salt Vapour in Flue Gases (Torr) 

As 1 atmosphere is 760 mm. 

P = 760 V 
salt * salt 

 



  

APPENDIX 3 

Method for Calculating the Dimensions of the 

Laminar Boundary Layer 

Spalding (1961) derived the following differential 

equation expressing the rate of boundary layer growth:- 

  

we : oe = F, a aug . vo 5 A.%el 
dx dx* 

where 6% oe. (=) 2 

Pd 

x= 

dx 
voor as a parameter were approximately linear (Fig. A.4.1) a 

As Evans (1960) showed that graphs of “oe dug reves F, with 

quadrature procedure can be used to solve equation A.3.1. 

Spalding considers that the most suitable substitution 

is of the form:- 

  

cS x mem, + oF (ang |= 3 45.2 
Ax 

where @ and j are oe Equation Ae4.2 then becomes:- 

& ay Z us oi £ e Ob (ss) = ED + j A533 
ax# 

hou ‘ x? /ay® KE 5k fn Is a non-linear function of 6+ U.\jand of Me oa » and 

ax 

is a measure of the error involved in the straight line 

approximation. 

e-1 
If equation Ae%.3% is multiplied throughout by uy it 

becomes 'texact! and can be written in the integrated form, 

as follows:- 
x 

52 xe ; x(e-1) % 
es “sg = (j .E,) u, dx ant 

when the boundary condition us is known as a function of x™ 

then part of this equation, iee. 
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x -1 
j ve : ax™ 

=e 

can be solved by graphical integration. The remaining part 

  

of the equation can then be determined by an iterative 

z x 
procedure in which a first approximation to ne name ly oot 

is evaluated from equation A.3.). 
x” 2 

2,8 Ord & 
& J ju ax 

65,1 = ee Ae5+5 

%e w 
& 

The derived value of 5s is then used to give a first approxi- 

mation to the value of E, at each value of Da by reference to 

tables compiled by Evans (1960) and quoted by Spalding (1961). 

A second approximation 6+ Ty can then be evaluated from the 
? 

  

equation:- 1 
x* ee - x= Be ne en-l ax 

5 wr Ju, ax + ot “Dp, 1 g 

Doi He A536 
u 

& 

This procedure can be repeated until 6° as a function of x* 

has been found with sufficient accuracy. 

Spalding (1958) found that the values of the constants 

e and j were 5-16) and 0.)1 respectively. From this 

procedure it is not possible to calculate o- at the forward 

stagnation point so the value is calculated using the graph 

2 % 
of, 53 Wg) versus F, with v 5 as parameter (Evans, 1960; 

  

ax ' 
Spalding, 1961). At the stagnation point of a tube, us = 0 

ea ee : : . me fagm—\ while gis finite, hence it follows that Uy b and F, 

dx ax” 

are also zero. From the graph a relationship between 

x2 / du % 
6, g_| and v, o can be obtained for F, = 0. As a 

dx - dx® 
and x (which is equal to the main stream velocity at the 

 



  

stagnation point can be obtained. 

The displacement thickness 6£ can be calculated from the 

momentum thickness by using tables of Holstein & Bohlen’ 

(Schlichting 1962a). The shape function Aand the ratio of 
Fs ; ; ‘ ; 6 the displacement thickness to the momentum thickness (ja 

bp* 

can be found, and the displacement thickness evaluated. The 

boundary layer thickness can be obtained from the relation- 

ship (Schlichting 1962b), 
& 

es AB e7 
6 10 120 

Ll. It should be noted in the table that 

2 
6 x oe b au, ' 6 - du: 

v dx dx* 
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APPENDIX b 

Method of Calculating the Separation Point 

The boundary layer becomes unstable and separates 

from the surface of the tube when a critical value of 

Reynolds number based on displacement thickness is exceeded. 

This critical value depends only upon the shape factor of 

the system and can be obtained from a standard graph 

(Schlichting 1962). 

The critical Reynolds number decreases with distance 

around a tube as shown in Fig. 6.5. A graph of the actual 

Reynolds number is also included in Fig. 6.5; this Reynolds 

number increases steadily from the stagnation point around 

the tube as the displacement thickness increases. Ata 

certain point, called the point of instability, the curves 

intersect and the flow will separate. 

This point is reached when:- 

ys i 0 
“ena 0 {a Asel 

é crit Vv 

It should be noted that this point does not necessarily 

coincide with the point of minimum pressure. 

Reference 

Schlichting, H., (1962). Boundary Layer Theory 

(McGraw-Hill), 1. 
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APPENDIX 5 

The Contribution of Thermal Diffusion to the Total Mass Transfer 

  

Rate through the Laminar Boundary Layer 
S2. 

The equations for an incompressible two-dimensional laminar 

boundary layer consisting of a binary mixture are as follows 

(Baron 1956):- 

Contimity : au % OV: a 0 Ae5el 
ox ay 

Component Continuity : 

pu 9m, PN Rel | Pa,a( 2a + mm, Leal | 

2 

  

ax oy ay ay 

Ae5-2 

Momentum 3: 

PY OG Fv Be wee 8h ee A533 
ox oy. oh.. oF ay 

and aP -0 

oy 

Energy : 

: 2 pu di 4P voi - U oP. +(22 ee: ~ OT 

Ox ay ax oy ay ay 

RT@ 8 |p Dp dm am m  9(Ln T) Adel + li ae nara dy 1,2 dy de ay 

m 

+? Pies [Fe + emay AIn T)} 8 la4Rre 
y oy oy 

These equations are obtained by taking mass, momentum and 

energy balances respectively, over a control volume of unit 

depth of the boundary layer and using standard boundary layer 

simplifications (Kays 1966). 

Two further assumptions have to be made in the derivation 

of the energy equation namely, 

(1) There is no internal generation of heat due to chemical 

reactions. 

(2) No work is done by external fields.    
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It is assumed that heat and mass will be transferred by 

both the temperature gradient and concentration gradient. 

Transportation of mass due to a temperature gradient is 

termed thermal diffusion while the receiprocal process of 

transportation of heat due to a concentration gradient is 

called the diffusion-thermo or Dufour effect. 

As mentioned in Section 3.3-l these equations can only 

be conveniently solved for concentration diffusion. It can 

be shown, as follows, that in the present system the effect 

of thermal diffusion is small and the Dufour effect can be 

neglected. 

By comparing the ratios of thermal diffusion with 

concentration diffusion, and the heat energy due to mass 

transfer with that due to heat transfer, the following ratios 

emerge respectively:- 

qi, Mo a(in T) 

| He | 

  

= pceictetie RON Aed 65 
pm 

ay 

| a, | . RT a A.5 6 
i     

Considering Equation A.5.5 first, this can be written as:- 

  

2 ARI 

He ae 
Aedo7 

Am 
ae 

Ay 

It is assumed that the temperature and mass diffusion gradients 

are linear, and that when the surface deposit does not exert a 

vapour pressure, the coicentration of salt vapour at the 

surface is zero. These last two assumptions mean that if the 

concentration of salt in the bulk phase is my then the 

average concentration in the boundary layer becomes M1 . 

2 

 



Equation Ae5-7 now simplifies to:- 

¥ a To 
ae ORG See) 

Tae 

2 

Now M,~1lwhen concentrations of salt vapour are small, as in 

He A.5.8 

W. 

  

my Ce) 

the present case, so Equation A.5.8 can be reduced to:- 

He" * ee A509 
(T + Ty) 

Assuming that the gas mixture can be approximated to a 

Masonian type then @can be calculated from the relatively 

simple formula:- 

7 
2 

ea a ry \/ My £516 
16/2 \To/\M, + Mp 

This equation was derived using the Chapnan-Enskog kinetic 

  

theory for a gas mixture composed of rigid molecules. From 

their theory the thermal diffusion factor can be written as:- 

15 | Hot A.5.22 
One 

bo \ Mo] 9FDy 30 
where Q' is a factor dependent upon the collision pattern. 

The factor can be obtained from the standard equation for 

diffusion derived from the kinetic theory, namely:- 

  

ny 
1 2 MiM 2 

ae. c “( (iy ) rr > a7 ee Dy 2 3 7 KE(M; + Mo) 

Eliminating Q', 

2a i mt 2 2 M.M - ene Bae ot L2 A.5.13 
5 PM, kr (M, + My ) 

This can be reduced to Equation A.5.10 by substituting for 

viscosity using the following equation, which was derived from 

the kinetic theory:- 

Mo = 1 KT Mo A-5 14 

hh 7 roe T 

     



and the fact that the pressure P = Er. 

  

By using Equations A.5.9 and A.5.10, the thermal 

diffusion factor and the mass transfer effect of thermal 

diffusion were calculated as shown in Table 5.1. These 

quantities were calculated for the largest average temperature , 

gradient used in the present experiments. 

Evaluation of Equation A.5.6, in which T is the 

average boundary layer temperature, gives the ratio of the 

energy fluxes. The results are shown in Table 5.2. The 

value of Equation A.5.6 will only increase slightly as the 

surface temperature rises because the decreasing temperature 

aifference and correspondingly high average temperature T 

will be counteracted by the increase in the heat capacities 

of the salts. 
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ry m5 Thermal Effect of 
— | —— |Diffusion|] Thermal 
oe as Diffusion, 

i,» & 
Sodium Chloride 1.200 0 e669 02216 6-0 

Potassium Chloride | 1.298 0.720 06321 9.0 

Sodium Sulphate 1.377 | 0.882 0.399 12.2               

TABLE Ae5 +1 
The amount of mass transferred by thermal 

diffusion compared with that transferred by 

concentration diffusion for the salts sodium 

chloride, potassium chloride and sodium 

sulphate. 

 



  

Specific heat 
capacity at 

Effect of energy 
due to mass 

  

  

    

ye eat transfer, H, % 

Sodium Chloride 53 40 

Potassium Chloride 305 h2 

Sodium Sulphate 38 1.08       
  

TABLE A.5.2 

The amount of energy transferred due to mass 

transfer compared with that transferred due to 

heat transfer for the salts sodium chloride, 

potassium chloride and sodium sulphate. 
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APPENDIX 6 

Solution of the Boundary Layer Equations for Mass Transfer 

when Vapour Diffusion is the sole mechanism of transfer. 

The calculation of the rate of mass transfer through a 

‘laminar boundary layer requires the simultaneous solution of 

the four boundary layer equations (Appendix 5). This 

procedure is very tedious. However, Spalding (1960) has 

shown that the diffusion and energy equations can be reduced 

to a single standard form under conditions of steady flow and 

low rates of transfer. The solution of the problem is then 

reduced to one involving three equations and is similar to the 

corresponding problem in heat transfer. 

Ignoring thermal diffusion and the Dufour effect 

(Appendix 5), the diffusion and energy equations can be written, 

respectively, as:- 

Mass Diffusion 

ox ay ay a¥ 

and 

Energy 

ra 
pudi Pv8i = 9 /{kaT 9 fipD, ,am.\,udP 9u\ A602 

oe. by Uy (32): z ( 1,29) eS “(G4 
Derivation of a General Expression for Heat and Mass Transfer 

For the range of Reynolds number considered in this work, 

the pressure gradient 9P is small and the term uP in equation 
Ox ox 

A.6.2 can be ignored. 

The final term in the energy equation represents viscous 

energy and is only important at high Prandtl numbers and when 

the velocity approaches the speed of sound. As the Prandtl 

number and gas velocity are both low, this term can be 

ignored. Hence the energy equation A.6+2 becomes 
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Pagl , evei = 9 (kot), 8 (ioD, . om, Avbs 
a 460by sy ( By} By 4? 55° ' 

In both the diffusion and energy equations Ae6el and 

A.e6-2, it is convenient to replace the conductivity constants 

p i and k by y and Tc respectively, thenu, ¥ andIc have 

the aus dimensions and each can be considered as a simple 

transport property. 

The conduction term can now be written as: 

fic Ol \= 8 /p, av 9 (ryme oT 
2( 4 & (ret “gg (TLMy ve 

If the flue gas is considered to behave as a perfect gas, 

which is a reasonable assumption for the present system, then 

c.aT = di 
1 

O4 

hence oe hy a (FP “| 

ay oy} ay a ay 

Equation Ae6.4 now becomes: 

; ai 
pu ®t pPv.9i = #8 [rym i a OO Oe A.6e 

te. z( x ~ a): by (7 ga eg
 

If it is assumed that the Lewis number is unity, then the 

transport terms Y andT are equal. In the present work this 

assumption is untrue (My lies between 0.l) to 0.7 dependent on 

the salt being used) but a subsequent correction can be made 

Substituting y-T in equation A.6.l, 

: : P84 aos AVat 8 ccs vi. Om, Abs “ox «Oy. By (Sek > + rh 1 9 
1 

The last term can besimplified as follows, 

: moi 3 om - 9 * i ay . is oi 3° - “4 (m,i,) oT na eo BES 

PA 
The derived energy equation which concerns the transfer 

of heat, now has exactly the same form as the diffusion 

equation for the transfer of mass and can be written, 

A266 

 



  

Interface where the 

change from a 

\ : vapour to a liquid or. 
\ a solid occurs 

4 

FIG.A-6! CONTROL VOLUME ENCLOSING THE PHASE . 

, INTERFACE 
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If the concept of a conserved property is now introduced 

such that the property b is equal to m or i, then the 

diffusion and energy equations can be written in the general 

form 

Pudb. pv db = 9/@ Jb A667 
ox ov Oy Oy 

Consideration of Boundary Conditions 

A general form of the boundary condition at the wall can 

be developed from the diffusion and energy equations. 

Considering the steady flow of a component '1' across 

the phase boundary as shown in Fig. Ae6.1, where 't' is the 

condition in the transferred state beyond the phase boundary 

and 'o'! is the state just inside the phase boundary. In the 

present study 'o' is the condition of the salt in the vapour 

state just before it condenses and 't' is the condition just 

after when the liquid or solid material has been formed. 

Applying a mass balance, 

mn"! m - (Y_ dm - ma = 0 
l,o (*1-283) “ A 

° am ] o. 7 hence, m"” = bya ye 

me e m4. + 

A similar form can be obtained by applying an energy balance, 

Pe dm. \. if cep Pee 
ie Eby gtt}inc (: c 8 :| mi, = Q 

1 y ay/, 

  

b y 

° oA om, a7 

hence, m" = _), Yon i, tT enacts A.6.8 
: Oy 99. o¥ O 

os - i, 

Using the previous approximation that the Lewis number is 

equal to unity, the second term can be written as: 

reo2t = rot 
oy oO ov Oo 

yf aT m.c = r)jm_c_—— 
1’ The xf 3), 

R
i
s
 

it 

ae
, 

f 
5 

ra
t 

2
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gq] 
pe

 

p
e
e
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es 

Therefore m" - 

  

  

Equations A-+6.8 and A.6.9 can now be written in a general form 

representing the boundary conditions as: 

“ae (22) £6.10 
0-¥/- © 

5S a b. 

The resulting mathematical problem is to obtain solutions to 

the b-equation A.6.7 for various boundary conditions of b 

(equation A.6.10). The velocity components u and v are 

obtained from a solution of the corresponding momentum and 

continuity equations. 

The situation can be simplified if the 'b! equation is 

linear, in this case 

OH) = Gand 
This equation assumes that the transport term Y?, and 

that mass flow rates within the boundary layer, pu and Pv, 

are independent of the concentration gradient. As the mass 

transfer rates are small in the preseat work, both of these 

assumptions should be valid. It will be shown later that 

the effect of the first assumption can be estimated and is 

negligible. 

It is now convenient to define a mass transfer conductance, 

8, such that 

 



  

Combining equations A.6.10 and A.6.11 

as \ g, db. ~ 

¥, - M 

  

if amass transfer driving force 'B! is defined such that: 

Bae ee A+6 013 
“> 2 are 

then equation A.6.12 becomes 

m" = 6,8 Ae6-1h 

Therefore 'B' can be evaluated for given values of 'b! 

which in this case are the concentrations in the 'o! 't! and 

'g! states. The conductance "g is obtained from an 

appropriate solution of equation A.6.7. 

As low mass transfer rates are involved, a heat/mass 

analogy can be used to solve equation A.6.7. Appropriate 

data has been obtained from model tunnel experiments (séction 

7) ahd the solution of the momentum, continuity and energy 

equations (Pun 1967). 

The use of heat transfer data makes it necessary to 

define another conductance term, Sy for the case in which 

the concentration gradient tends to zero. 

i . a . a (2) A615 

Sh has to be expressed as a function of a heat transfer 

coefficient, the term usually employed in the reporting of 

heat transfer data. As 'T! is the conserved property, 

equation A.6-11 can be written as, 

8h = (2) 

ay ° Ae6-16 

qT, - Lo 

Heat transfer conductance is defined by the equation, 

“ a n(T, ~ 2) « {Kae a (Teer A -6.17 
© ° oF oy 

 



  

Combining equations A-6-16 and A617 

SF -¢ 

This relation is obtained in a non-dimensional form by 

dividing by pu, to give, 

ree > 
Jo N 

t pa Puc St,h 
  

Hence if the heat/mass transfer analogy is correct, 

equation A614 expressing the mass transfer rate can be 

written as, 

m" = Ngg jn G.B where G, = pu, A.6.18 

Corrections have to be made for earlier assumptions that 

are not wholly valid. 

The earlier assumption that the Lewis nmumber was equal 

to unity can be corrected as follows: 

Heat transfer to a tube in cross-flow can be written as, 

Ns¢jn " OMe ie A.6.19 

As the Lewis number is not equal to unity, the Prandtl 

number will have a different value to the Schmidt number for 

the same system, when mass transfer is occurring. 

25 Nyt = y then the value of the Prandtl number corres- 

ponding to a Lewis number of unity would also be 'y'. However, 

in practice, the Lewis number is not equal to unity, so the 

Prandtl number will have a value x. 

By substituting in equation A.6.19 the correction to 

the Stanton number for conditions of mass transfer can be 

found. 

If the Lewis number equals unity(assumed in the derivation 

of m" = 6,B), then: 

: : “Gi 

Nyt ja = OR, Y 

However Non = X, hence for heat transfer alone, 

 



  

147 « 
7 ae “a 
Not Mc CNp, x 

Dividing Ny, j(Np,=y) = y® 

Ni ; 
St, h( Non ® *) 

  
2 i _wW x i “2 

Nyp,i'Xpp = 7) = Noe pn (Np, = x) Z 

= Nga n(Npp x) Nie A+6420 

Evans (1962) found for laminar boundary layer flows for 

Reynolds numbers less than 80,000 that 'a' could be taken 

as “/z. 

Hence equation A.6.18 may be modified:- 

m" = (Nr, 7g) GB A+6-21 

Considering the assumption that the transport term, ¢ , is 

dependent upon the concentration gradient, Spalding (1951) and 

Evans (1961) showed that this dependence followed the same 

pattern for most cases, namely Bees falls below Neth when 

B is positive (evaporation) and rises above it when B is 

negative (condensation). 

From these results, Spalding & Evans (1961) proposed 

the following correction factor, 

ar “O. 
Not 3 os t+ Bo 4 A622 

As driving force B is only of the order of 107, in the 

present work, this correction can be ignored. 

The small magnitude of the driving force B also indicates 

that the dependence of the velocity field within the boundary 

layer upon concentration is also likely to be negligible. 
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APPENDIX 7 

  

Theoretical Calculation of the Mass Transfer Rate for Sodium 

Chloride, Potassium Chloride and Sodium Sulphate 
  

The ohmic-type equation for mass transfer, which was 

derived in Appendix 6, forms the basis of the calculations, 

a . 
that is :- 

  

  

mn" = g,B Ae7s1 

(a) Evaluation of Conductance Term, g 

&; = wp pti) 73.e AnTa2 

First, it is necessary to calculate the Stanton Number where 

Ns,h = Ba ~ N Pr’ Re Ce 

According to Pun (1967), the Ny relationship for the tube 
MRe 

across the combustor duct is given by :- 

at = 1.139 - 0.0985 i - 0.9618 (z)* A.7 23 
(,) 8 

This equation was derived using the static pressure measure- 

ments obtained in model studies (Section 6), and is valid for 

angles of up to 100° from the forward stagnation point of the 

tube. 

Accordingly, Equation A.7.3 can be rewritten :- 

oe 6h - 0. xz)? _i.zef/x) 4! air. Noth * GE 1.63 - 0.11 (=) 1 30(z] 7 7 oh 

An average Stanton number was evaluated by integration over the 

area between angles of 0-100° measured from the forward stagna- 

tion point. 

| oe yke Notjh,m = (i, 2 AeT 65 
) 

All transport properties of the system are evaluated at mean 

film temperatures (Douglas & Churchill 1958). Thus at a 
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particular main stream gas velocity and temperature, the 

Reynolds number for the flow decreases slightly as the surface 

temperature increases. 

The Lewis number = . Ph 2 

k 

c 

where the diffusivity can be evaluated from the following 

correlation given by Gilliland (193),), 

D _ = 0003n?/2 IG ot 
My Loe >t, é V5 ) if, 

- 

Subscript 2 refers to the flue gases assumed to have the same 

physical properties as air, and subscript f refers to the salt 

vapour. This equation refers to ideal gas conditions. The 

molar volume of sodium chloride vy was obtained by dividing 

the molecular weight by the density at the normal boiling 

point which was estimated by extrapolating high temperature 

density data. The values obtained are as follows :- 

Sodium chloride : 51.5 em?/g-mole. 

Potassium chloride : 65 3 om?/g mole « 

Sodium sulphate : 78 om?/g.mole. 

Other terms in the equation are :- 

F l atmosphere. 

Mo a eg 

Vy = 29-9 om?/g sole. 

The calculated values of diffusivity for the temperature 

range 600°C to 1,1,00°C are shown in Table A.7.1. 

| It was found that for each salt the Lewis number was 

constant over the range of average surface temperatures 

investigated which was 500° * 900°, giving mean film tempera- 

tures from 800°C - 1,000°C for a main stream gas temperature 

of 1,100°%. 

The final term in Equation A.7.2, the mass flow rate G, 
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Temperature, | Diffusivity Diffusivity Diffusivity 
o¢ of sodium of potassium | of sodium 

chloride chloride sulphate 

om@/sg om@/s on@/s 

600 0 5), 0 8 0 ))2 

800 0.7) 065 0.57 

1,000 0.95 0.83 0.77 

1,200 1.19 1.0) 0.91 

1,100 1 ody 1.26 106 

  

TABLE A-7-1 

Diffusivities of the three salts as a 

function of Temperature 
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was calculated from volumetric flow rate and density 

(assumed to be 2+57 x 10 Ye/em3) at the main stream tempera- 

ture of 1,100°C. Values of g as a function of mean film 

temperature and Reynolds number are given in Table A.7.2. 

(b) Evaluation of Driving Force B 

The conserved property is mass, hence Equation Ae7.2 

becomes 3-~ 

m= m 
BS + ee ae Ae7 +6 

my - mh, 

A single phase is condensing, hence tn —> 1. Concentrations 

of the salt vapour in the main stream are only in the order of 

ss -) 
10 h torr so if condensation is to occur, m, < 10 s; 

Therefore my, - Mn —> “lL and, 

B= *, i Ae7-7 

To obtain the driving force in terms of partial pressure, the 

following substitutions are used:- 

a) 
Substituting in Equation A.7.7 :- 

‘> ( 11} - {gM ces 
Noi g oe ° 

Ps Ay 

Equation A.7.8 becomes ;- 

B + Malt ey : (=) as 
“air Po g ¥5 ° 

Average values of the driving force B as functions of the 

average upstream surface temperature were now calculated for 

the salt concentrations in the main stream gases. The 

principal steps in these calculations were :- 

(1) For a particular stagnation point temperature the average 

surface temperature was found using the peripheral temperature 

 



  

  

Average 
surface 500 550 600 650 700 750 800 
temperature, 

od. 

  

Mean film 

    

temperature, 800 825 850 875 900 925 950 
6% 

| 
on see dries saa ares seat 

Kinematic 
Hiscgoaw 1.305 1.365 1.42 1.475 1.53 1.596 wee? em¢/s.               
  

Mass flow 

    

                  

(g em72s-1) 

i 4.11 x 100 13.96 x 10° 13.8% 10° $4.66 x 10°. 13.53 x 10> |3.41-" 10°.|3.30 x 10° 
a: : 
g at a aa ae ae Fs et Me 2.19 x 107*]2.25 x 107°|2.5 x 10°- 12.35 x 10°-12.39 x 107°|2.43 x 10°*| 2.46 x 107° 
° oa in iA sia i = 2 in wis 

4 8yaga =o. 3.19 x 1072]3.27 x 107°] 3.34 x 107-13.41 x 107°13.47 x 107°|3.53 x 107-|3.58 x 107 
P oo -3 n¥ —% 5 oe ae ie 

a Bgl 2.98 x 107°13.04 x 107-]3.10 x 107°13.16 x 107°|3.22 x 107°|3.29 x 1073.36 x 10°” 
Oo * 

ct = Me gy & i ing ek ie 

@ €yays04 | 2.80 x 1077]2.84 x 107|2.88 x 107°|2.94 x 107°]2.99 x 1079]3.04 x 10°71 3.09 x 107? 
  

TABLE A7.2 Evaluation of the Conductance 'gs' as a Cont'd 

Function of Surface Temperature and Gas Velocity 

“C
GT



Cont'd.. 
  

  

Mass flow 
Rate 0.475 
(g em72s-1) 

ip 7.1 x10? |6.82 x 10° [6.55 x 107 |6.3 x 10° |6.08 x 10° |5.89 x 10° [5.72 x 10° 

Not 1.705 x107°|1.735 x 10°°}1.76 x 10°|1.79 = 107-| 1,825 x 10°°|1.86 x 1077]1.90 x 1072 

> Syac. | 4.29 x 1074.34 x 107°|4.4 x 107° 14.47 x 107°|4.56 x 107°14.65 x 107°|4.75 x 107° 
yz 

&xe1 3.91 x 10°°] 3.99 x°207° 14.08 x 16 -14.15 x 107°14,.28 © 10° 14.32°x 107°14.40 x 107°                 

  

Rate 

(g cm-2s-+) 0.790 

A Meg 11.75 x 10° }11.3 x 10° }10.9 x 10° ]10.5 x 10° |10.1 x 10° |9.75 x 10° |9.44 x 10° 

Bo Ney 1.315 x 107°|1.535 x 107-|1.36 x 10°-]1.58 x 10°-|1.41 x 107°|1.44 x 107°]1.47 x 107° 

g : 8yacl | 5.46 x 107°|5.55 x 107°15.65 x 107°|5.76 x 10°°15.86 x 107°15.97 x 107°|6.09 x 107° 
>                   

TABLE A7.2 Evaluation of the Conductance 'g' as a 

Function of Surface Temperature and Gas Velocity 

  

“T
ST
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distribution curves (Fig. 7.3). 

(2) For the same temperature at the forward stagnation point, 

the vapour pressure exerted by the surface deposit was found 

at 10° intervals up to the limit of the laminar boundary 

layer. The following vapour pressure data were used in 

conjunction with Fig. 7.3 to obtain the required values. 

Sodium Chloride 

11.093 - 12.288 (21900), 2 log, , (22920) 

(Zimm & Mayer 19)))) 

Up.1 - 1.72 (22900) (Jackson & Duffin 1963) 
T 

T0815 P 

Potassium Chloride 
  

login P = 81301 - 8.86 x 102 (Wartenberg & Albrecht 

: 1921) 

Sodium Sulphate 

(a) For the temperature range 1,00 - 1,157°K 

login P = 9-071 - 1.26 x 1044 
T 

(b) For the temperature range 1,157 - 1,520°K 

login P = 8.011 - 1.1) x 10/# (Halstead 1967) 
T 

The sodium chloride data of Jackson & Duffin (1963) was 

measured in the presence of water vapour while the rest of 

the data was measured 'in vacuo!. 

(3) The eleven values of vapour pressure at the surface were 

subtracted from the partial pressure of salt vapour in the 

main stream. When the value was found to be negative 

(indicating absence of condensation), it was taken as zero, 

because evaporation does not take place. The average driving 

force was then derived using the arithmetic mean of the eleven 

differences in vapour pressure. 

(lh) The steps 1 - 3 were repeated for various average surface 
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temperatures. 

The results for all concentrations of the three salts 

are shown in Table A.7.3, a-d. Using the results of Tables 

Ae7-2 and A.7-.3, curves of theoretical mass transfer rates 

as a function of temperature can be drawn as shown in Figs. 8.11 

8.12 .and 8-16. The points of inflexion in the negative 

slopes of the curves resulted from the "levelling out" of 

the peripheral temperatures as the extremity of the laminar 

boundary layer was approached, (Fig. 7.3). 
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is 0.055 torr 
  

Temperature at 
Forward Stag- 
nation Point, 

Average Surface 
rt Temperature, °C 

(P = Po) 
Average torr 

B Average 
x 10+, atmos. 

  

  

  

  

      

  

O¢ 

635 B regarded as 0.055 Lelt5 
constant when 
temp.» 610° 

6)16 622 0.048 1.26 
6149 626 0.06 1+20 
656 633 0.041 1.08 
668 ehe 0.031 0-82 
682 662 0.022 0.58 
TO) 688 0.009 02h 
Tat T09 0.000 0.00 

P s 0.110 torr 

Temperature at|Average Surface (P = Po) B Average 
Forward Stag- |Temperature, °C | Average torr | x 104, atmos. 
nation Point, 

°¢ 

6h B regarded as Ovid 209 
constant whgn 
temp. 620°C 

68 662 0.091 2.39 
68 667 0.083 2.18 
69h. 67), 0.069 1.82 
70h 682 0.051 1.42 
ied 702 0.02), 0 64 
7Th5 728 0.000 0.00 

P s 0.250 torr 

Temperature at |Average Surface (P - Po) B Average 
Forward Stag- 
nation Point, 

Temperature, °C Average torr x 1O4, atmos. 

  

°¢g 

65h. B regarded as 0.250 6.58 
constant when 
temp. 630°C 

686 665 0.222 5 85 
69 675 0.209 2290 va 695 0.16) 431 725 707 0.125 3 30 
73 725 0.070 1.8), 
768 752 0.000 0.00         

TABLE A.7.3a 

Evaluation of the driving force '3' as a function of surface 
temperature for sodium chloride (using data of Jackson & 

Duffin 1964) 
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P =» 0.250 torr 
  

Temperature at 
Ct da 

Forward Stag- 
nation Point, 

e Surface 
ature, °C 

Aver 
Temp 

oF 
AS 

er 

(P = Po) 
Average torr 

B Average 
x 104, atmos. 

  

      
  

  

OG 

660 639 0.250 regarded 6.58 
as constant 
when temp. 639 

725 708 0.209 5 50 
758 ThA 0.150 3099 
wa 194 0.075 1.98 
788 T45 0.038 28 
800 787 0.019 0.5 
816 805 0.000 0.0 

Pe -Oe810 torr 

Temperature at | Average Surface (P = Po) B Average 
Forward Stag- 
nation Point, 

Temperature, °C ft ? Average torr x 104, atmos. 

  

      

  

°¢ 

650 628 0.110 regarded 2.9 
as constant 
when temp. 628 

680 660 0.100 2263 
712 69 0.083 2.19 
725 70 0.073 1.92 
7.0 725 0.054 1.1.0 
758 74 0.021 0.55 
78h 770 0.000 0.00 

P = 0.055 torr 

Temperature at] Average Surface (P - Po) B Average 
Forward Stag- 
nation Point, 

Temperature, °C Average torr x 10°,atmos. 

  

¢ 

6).0 617 0.055 regarded 1.5 
as constant 
when temp. 617 

680 660 0-09 5 OL 
703 683 0.036 aoe 5 
712 69 0.027 O49 
725 70 0.016 0.21 
70 725 0.007 0.18), 
760 Ths 0.000 0.000         

TABLE A.7-3b 
Evaluation of the driving force 'B! as a function of surface 
  

temperature for sodium chloride (using data of Zimm & 
  

Mayer 19LJ1) 

   



  

2S 0.0110 torr 

  

  

  

    

  

  

      

Temperature at | Average Surface (P - Po) B Average 
Forward Stag- |Temperature, °C Average torr |x 104+,atmos. 
nation Point, 

“6 

Tho 725 0.0110 regarded 0.708 
as constant 
when .temp. 

125 
800 787 0.009), ps508 
825 81 0.007 0.50 
852 8 0005 0 3))8 
862 85h. 0.003 0 -2h) 
872 865 0.0020 0.129 
893 888 0 20000 0.000 

P s 0.0055 torr 

Temperature at | Average Surface (P - Po) B Average 
Forward Stag- |Temperature, °C | Average torr |x 104-,atmos. 
nation Point, 

o¢ 

710 692 0.0055 regarded 0.35) 
as constant 
when temp. 

692 

765 750 0.00),8 0.309 
800 787 0.0038 0.2) 
82 815 0.002), 0.15 
83 82 0.001 0.096 
852 Bl. 0.000 0.026 
870 863 0.0000 0.000 
  

TABLE A.7.30 

Evaluation of the driving force 'Bt as a function of surface 
temperature for sodium sulphate 
  

 



  

P #» 0-250 torr 

  

  

Temperature at | Average Surface (P - Pé) B Average 
Forward stag- Temperature, °C Average torr x 104,atmos. 
nation Point, 

%¢ 

590 565 0.250 regarded 8.80 
as constant 
when temp. 

565 
656 635 0.225 8.02 
703 685 0.173 6.16 
725 708 0.120 27 
vaite) 725 0.070 2.50 
758 7h3 0.027 0.96 
THT 763 0.000 0.00 
  

F.@ -O.l25 tore 
  

Temperature at | Average Surface (P = Po) B Average 
Forward Stag- | Temperature, °C Average torr x 10+,atmos. 
nation Point, 

  

      
  

  

  

%¢ 

580 553 0.125 regarded bel5 
as constant 
when temp. 

293 
ih 635 0.099 552 
682 662 0.078 2.78 
703 68 0.048 1.7d 
tae 62h, 0.042 1.1) 
725 70 0.017 0.61 
750 735 0.000 0.00 

P = 0.0650 torr 

Temperature at | Average Surface (P - Po) B Average 
Forward Stag- Temperature, °C Average torr x 104, atmos. 
nation Point, 

G 

560 532 0.065 regarded 242 
as constant 
when temp. 

322 
610 985 0.058 2-06 

682 662 0.020 0.71 
703 68 0.008 0.28 
712 69h. 0.005 0.18 
725 708 0.000 0.00       
  

TABLE A.7.3a (Continued) 
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Temperature at | Average Surface (P = Po) B Average 
Forward Stag- | Temperature, °C Average torr |x 104,atmos. 
nation Point, 

O¢ 

538 504 0.0350 regard- Le25 
ed as constant 
when temp. 

503 
610 585 0 .02),0 0.85 
640 606 0.0175 0.62 
650 628 0.0100 0.36 | 
680 660 0 .00),0 0.1) | 
703 685 0.0005 0.02 
706 688 0.0000 0.00         

TABLE A.7 3a 

Evaluation of the driving force 'B' as a function of surface 
temperature for potassium chloride 
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APPENDIX 8 

RESULTS 

The results for each salt are denoted by the following 

code letters: 

C Sodium Chloride (impaction occurring) 

D Sodium Chloride (impaction not occurring) 

E Sodium Sulphate | 

F Calcium Chloride 

G Potassium Chloride 

The results for an individual salt are divided into two 

sections, (a) and (b). The results in section (a) were 

obtained at temperatures when the surface deposit did not 

exert an appreciable vapour pressure, while results in 

section (b) were obtained at temperatures when the surface 

deposit did exert an appreciable vapour pressure. 

 



Nominal 

Nominal 

A 
hrm: 
Air 8a 

Concentration 3: 

Velocity 

Deposition : 

163.6 

0.250 torr 

18.0 m/s 

2,200 mn@ 

  

  

  

Run | Weight Run Salt con Velocity, | Temperature 
No. of time, torr s at forward 

deposit, min. Stagnation 
me. Point, °C 

C42 232 50 0.272 17 -80 705 

C33 55 30 0+2)8 17 -73 770 
C46 270 30 0 +263 17-91 565 

G37 283 30 0.271 17 -80 625 

638 331 30 0 263 17 85 575 

                   



  

  

  

Nominal Concentration 3; 0.250 torr 

Nominal Velocity 18.0 m/s 

Area of Deposition 2,200 mane 

Run | Weight Run Salt conc. | Velocity, | Temperature 
Noe of time, torr. s at forward 

deposit, min. Stagnation 
mg Poin, °C 

659 132 10 0.237 18.01 668 

C60 110 10 0 .2)1 18.11 698 

C61 113 10 0.238 18 .28 735 

C62 0 10 0259 18.0% 805 

C64 315 10 0.255 18 .03 705 

c6h. 87 10 0256 18.16 65 

C65 62 1O 0 2h) 17 +96 755 

C66 73 10 0255 17 .83 6) 

C67 ot 10 0 +260 17 81 775 

C68 128 10 0.261 18.1), 730 

C69 120 10 0.255 18 .31 675 

C70 120 10 0.258 17-91 750 

C72 12 10 0-267 17 85 795             
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Nominal Concentration : 0.055 torr 

  

Nominal Velocity : 10.5 m/s 

Area of Deposition :. 2,200 rin? 

Run | Weight | Run Salt |Velocity,|Temp. at Weight 
No. of time 3 CONe m/s forward Time. Gone, 

deposit,|min. torr. Stagna- (Velocity )2 
mg « tion 

Point, °C 
  

(a) 

D55 3h, 50 0.056 10.98 570 3 266 

D56 33 50 0.052 10.95 590 38h 

D58 32 50 0.05), 10 83 6),0 359 

D59 3h 50 0.056 10 6h, 625 3.72 

(b) 

Le72 

0.72 

0-5),             
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Nominal Concentration : 0.055 torr 

  

Nominal Velocity : 18.0 m/s 

Area of Deposition - 2,200 an 

Run | Weight | Run Salt |Voelocity,|Temp. at Weight 
No. of time, | conc. n/s forward | Time. Cone 

deposit,| min. torr. Stagna- (Velocity )@ 
mg tion 

Point, C 

  

) 03 

85 

2.56 

3 066 

1.3 

0.59 

0-1?                   

 



  

Nominal Concentration : 0-055 torr 

  

Nominal Velocity : 30.0 m/s 

Area of Deposition +: 2,200 mn 

Run | Weight | Run Salt Velocity,|Temp. at | Weight 
| Noe of time, | conc. m/s forward Time. Conc, 
| deposit,| min. torr. Stagna- (Velocity )2 

ME e tion 
Point, °C 
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Nominal Concentration: 0.110 torr 

Nominal Velocity : 10.5 m/s 

Area of Deposition 3 2,200 mam 

  

  

              

Run | Weight | Run Salt Velocity | Temp. at Weight 
No. of time, | conc. m/s forward | Time. Conc, 

deposit,| min. torr. Stagna- (Velocity) # 
Me tion 

Poims, ¢C 

(a) 
DL 29 25 0.083 110 600 20 

D26 37 30 0.101 10.6 690 37h 

D36 39 30 0.110 10.8 560 360 

D37 31 25 0.108 10.9 600 3 olt7 

D38 31 25 0.106 10.9 650 555 

D39 32 25 0.105 10 6 600 370 

DLO 32 25 0.11) 10.6 650 3 olt6 

h9 31 25 0.105 10.9 675 356 

D51 B 25 0.106 11.0 625 3675 

D139 30 25 0.100 10.5 560 3.71 

Dio 38 30 0.113 9.5 635 3 +63 

D1I1 28 20 0.118 8.9 525 399 

D142 28 20 0.107 9.6 520 1.220 

DIY3 3h 25 0.107 9.9 600 h.03 

Dil hi? 30 0.133 9-8 630 3.77 

(bd) 
D7 29 25 0.108 10.7 680 3.29 

DZ 29 25 0.120 10.8 695 2.9 

D2 23 25 0.108 10.8 700 259 

D6 18 25 0.108 10.9 715 2.02 

D50 20 25 0.109 10.7 715 225 
D52 7 25 0.107 10.9 720 0.79     

Cont! de e* 

   



Nominal Concentration : 0.110 torr 

105 n/s 

Area of Deposition : 2,200 mm@ 

Nominal Velocity 

  

Run | Weight | Run Salt Velocity | Temp. at Weight 

  

Noe of time, | conc. m/s forward |Time. Conc. 
deposit,|min. | torr. Stagna- | (Velocity) 4 

Mg « tion 4 
Point, ¢ 

D53 17 25 O11 10.7 720 1.82 

Dy g 25° (00.212 |. 10a7 725 0.87 
Dip 8 25 0.103 10.9 725 0.9) 
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Nominal Concentration : 0.110 torr 

  

  

Nominal Velocity : 18.0 m/s 

Area of Deposition st. 2,200 sam 

ee ae via, basis | ae eee ae ae 
deposit,] min. torr. Stagna- (Velocity) # 

wt bated 

(a) 
D78 6 25 0.120 19.) 580 3 h9 

| D79 50 25 0.132 18.8 590 351 

D80 52 25 0.128 19.0 625 3-73 

D81 52 25 0.132 18.9 625 3265 

D82 ho 25 0.127 18.8 650 3057 

D834 52 25 0.133 18.9 6h15 362 

D8 32 15 0.13), 18 .6 675 469 

D86 37 20 0.117 19.2 655 3-61 

(bd) 
D9O ah 20 0.138 18.5 700 2 85 

D96 3) 20 0.127 18 65 705 3-11 

D934 26 20 0.121 18.9 715 28 

D97 31 20 0.121 18.7 715 2-96 

D87 2h 20 0.125 19.0 725 2 20 

D88 23 20 0.125 18 .6 725 2.1) 

D89 21 20 0.119 19.0 735 2.02 

DI. 19 20 0.12), 18.8 155 1.76 

p92 15 20 0.126 18 .5 7,0 1.38 

D9L 8 20 0.122 18.7 750 0.76 

D95 7 20 0.127 18.8 760 0.6),                   
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Nominal Concentration : 0.110 torr 

  

Nominal Velocity : 30.0 n/s 

Area of Deposition $ 25200 i 

Run | Weight | Run Salt Velocity | Tempe at Weight 
No. of time, | conc. n/s forward | Time. Cone. 

deposit,| min. torr. Stagna- (Velocity) # 
mg. tion 

Point, °C 
  

                
  

   



  

Nominal Concentration : 0.250 torr 

Nominal Velocity : 10.5 m/s 

Area of Deposition $ 2,200 >mm@ 

  

  

Run | Weight |]Run |Salt |Velocity| Temp. at | Weight 
No. of time, | conc. n/s forward | Time. Conce.1 

deposit,|min. | torr. Stagna- | (Velocity) * 

a Feith. 

(a) 

D6 29 10 0 266 10.8 600 3 032 

D7 31 10 0.29), 10.7 650 316 

D10 27 10 0.25), 10 .7 655 3.25 

p22 ho 15 0 2h1 10.8 625 3037 

D29 36 10 0 27h 11.0 580 3095 

D31 33 10 0.291 10.8 590 35 

D342 37 10 0290 10.8 580 389 

D60 35 10 0.288 11.3 610 36), 

D61 3h. 10 0.280 Lise 605 3 063 

D6), 32 10 0.261 11.0 630 4-71 

D65 31 10 002h5 10.9 675 3 85 

D67 30 10 0.27 10.8 675 3-71 

D117 16 15 0.272 10.3 685 3-51 

D118 MW? 15 0.281 9.9 685 335 

DIL9 h9 15 02266 10.5 615 3-78 

D150} 66S «|: 20)—Céd| 0.271 | 10.3 625 3.80 
D151 ),0 t1. 0.273 10.5 680 ell 

D152 68 21 0.269 10 3 580 3eTh 

D153 66 20 0.289 9.8 610 3 06h 

D115), 16 5 0.277 10 oly 690 3 60 

D155 65 20 0.310 8.9 590 352 

D156 51 15 0.293 9) 615 3.79                 
  

Gone! dies 

  
 



  

Nominal Concentration : 0.250 torr 

  

  

Nominal Velocity 10.5 m/s 

Area of Deposition 2,200 mm 

Run | Weight |Run Salt Velocity | Temp. at Weight 
No. of time, | conc. m/s forward |Time. Conc. 

deposit,|min. | torr. Stagna- |(Velocity) = 
ME tion ‘ 

Point, ¢ 

D157 59 25 0.195 10.0 505 3.81 

D158 63 25 0.195 105 515 )..00 

(b) 

D71 28 10 0 62))) 10-7 700 351 

D7O 30 10 0.263 11.2 710 3 2 

D17 iss 10 0.280 10.9 715 2.27 

D72 28 10 0.261 10.8 715 325 

D27 31 15 0 216 10.7 720 2.57 

D7. 49 15 0.218 10.9 720 3.71 

D15 27 15 0.238 11.0 725 2.32 

D63 Ly. 10 0.257 21 730 1.63 

D66 21 10 0.27) 10.9 735 2 33 

D62 12 10 0 .2):8 11.0 750 1.28                   

 



17h. 

Nominal Concentration : 0.250 torr 

  

  

Nominal Velocity : 18.0 m/s 

Area of Deposition  2eeou mit 

Run | Weight |Run.:}| Salt | Velocity | Temp. at Weight 
No. of time, | conc. m/s forward | Time. Conc. 

deposit,;| min. torr. Stagna- (Velocity) 2 
mg - tion 

Point ,°C 

(a) 

D98 dy 10 0.27) 18 .6 635 3-73 

D99 3 10 0275 18 .5 600 3-63 

D1OO dh 10 0259 18.9 645 3.91 

D1LO1 37 10 06251 19.0 695 3-10 

Ee meee wee eee ee ae ce se — 

(b) 

D1O3 27 10 0 «263 18.9 Th5 2 36 

DLO), 22 10 0 «263 19.1 760 1.91 

D102 h 10 0265 18.9 785 0.35                 
  

 



Nominal Concentration : 0.250 torr 

175. 

  

Nominal Velocity : 30.0 m/s 

Area of Deposition s 2ya00 me 

Run | Weight | Run Salt | Velocity | Temp. at Weight 
Noe of time, | conc. s forward . 

deposit,] min. | torr. Stagna- elccn t 
Me tion : ° 

Point, ¢ 
  

                
  

 



Nominal Concentration 3 

  

0.0055 torr 

  

  

  

Nominal Velocity 10.5 m/s 

Area of Deposition .. £2,200 mm 

Run | Weight | Run Salt Velocity | Temp. at Weight 
No of time, | conc. m/s forward | tine. conc. 

deposit,|min. | torr. Stagna- (Velocity) a 
Mg « tion 

Point, ¢ 

(a) 

E32 20 135 | 0.0055 9.9 750 8.58 

E60 23 120 0.0057 9-9 605 9.78 

E62 19 120 | 0.0061 9-1 ‘520 8.58 

E63 39 210 | 0.0065 8.8 660 8.9 

E67 37 210 0 «0060 9-3 600 9-66 

              

  

 



277 
Nominal Concentration : 0.0110 torr 

  

  

Nominal Velocity : 10.5 m/s 

Area of Deposition :: 2,200 mm 

No. | of |time,| cons. | mye” | torvard’ (pee 
oe min. torr. hese (Velocity) # 

Point, C 

(a) 

E29 ya 120 | 0.0106 97 650 10.32 

E31 39 120 | 0.0106 9-6 605 9-96 

E43 35 120 | 0.0106 9-6 755 8.88 

E52 28 90 | 0.0099] 10.1 650 9.90 

E5l. 30 75 | 0.0098] 10.9 800 12.2), 

E55 21 75 | 0.0106 9.9 710 8 lO 

E57 27 90 | 0.0101 9.9 525 948 

E58 26 90 | 0.0099} 10.7 825 8.9 

E59 22 152° OsO1@7! - 1641 800 8.76 

(b) 

E53 18 90 | 0.0107 9.6 850 6.00 

E51 Uy 120 | 0.0107 9.8 870 38                   

 



Nominal Concentration 3 0.0250 torr 

  

  

  

            

Nominal Velocity 10.5 m/s 

Area of Deposition 2,200 iat” 

Run | Weight | Run Salt |Velocity |Temp. at Weight 
No. of time, | conc. s forward |Time. Conc 

deposit,jmin. | torr. Stagna- (Velocity) 
mge tion 

Point, °d 

(a) 

E25 2 70 0.025); 10.0 550 7 20 

E27 28 50 0.0270 96 705 6.72 

E28 36 50 0.0268 9-6 650 8.52 

E30 30 50 0.0268 9-6 588 7 26 

Eh 27 hs 0.0273 9-7 600 Tolk 

E65 50 75 0.0260] 10.2 650 T:<ths 

E69 6 75 0.0252] 10.6 620 7-98 

E71 ho 60 0.0259} 10.1 700 8.10 

i aed Wine A lis. oo es ae cee A es ks SE ae ce bet 

(b) 

E50 20 60 0.0268 95 830 202 

El? 29 60 0.0276 9.6 850 5 6h 

E26 2h 70 0.0270 9.8 880 1.608 

E5 15 hs 0.025),| 10.6 880 02 

El6 12 60 0.0270 9.7 900 2 1,0     

  

 



  

Nominal Concentration : 0.100 torr 

Nominal Velocity : 10.5 m/s 

Area of Deposition ¢ 24200 ram 

  

  

Run | Weight | Run Salt |Velocity | Temp. at Weight 
No. of time, | conc. m/s forward | Time. Conc. 

deposit,|/min. | torr. Stagna- | (Velocity) # 
mg tion 

Point, C 

(a) 

El 49 25 0.100} 10.3 585 1.89 

E2 lO 25 0.100] 10.6 700 92 

E3 3h 25 0.102] 10.0 555 bh .26 

ET 39 25 0.106] 10.1 600 667 

E8 38 25 0-10), 9-8 655 be71 

E9 38 25 0.1011 .1092 705 77 

E10 yl 25 0.108 906 755 92 

E11 38 25 0.102] 10.0 555 1.77 

E12 36 25 0.107 9.6 700 37 

E13 37 25 0.107 9. 605 by elS 

Bly 36 25 Os1011*- 10.1 650 53 

B15 }0 25 0.106 9.8 675 )..83 

B16 ya 25 0.109 907 700 488 

E17 38 25 0.10h] 10.0 575 b 67 

E19 1 25 0.110 96 750 he2h 

E20 38 25 0.106 967 55 lh. 666 

E22 h2 25 0.109 9-7 800 5.00 

6h, 37 25 0.101} 10.0 655 bh. .63 

E66 39 25 02100 9.9 695 1.92 

E68 39 25 0.108 9.5 720 168 

E70 ho 26 0 103 9-9 775 he77                   
 



Nominal Concentration 3: 

Nominal Velocity ee
 

0.100 torr 

10.5 m/s 

  

  

  

  

Area of Deposition : #5200 rom 

Run | Weight | Run Salt |Velocity | Temp- at | Weight 
Noe of time, | conc. n/s forward | Time. Gone. 

deposit,}min. torr. tagna- (Velocity) 2 
Mg e tion . 

Poin’, ¢ 

(b) 

E23 32 25 0.107 9.7 855 38h 

ELS 19 25 0.105 10 el 900 2.29 

E2), 13 25 0.109 9.3 955 2.3).                 

 



Nominal Concentration 3 

  

0.0070 torr 

181. 

  

  

Nominal Velocity 10.5 m/s 

Area of Deposition s 2,200 ram 

Run Weight Run Salt cone. |Velocity | Temperature 
Noe of time, torr s at forward 

deposit, mine Stagnation 
mg « Point, °C 

F9 15 165 0.0069 9.8 5).0 

F1O 16 180 0.0072 94 565 

F12 hh 150 0.0070 10.0 625 

P13 10 150 0.0070 9 ol 600 

Fly a, 150 0.0068 9-8 580 

F15 5 150 0.0071 9.5 680 

F16 5 150 0.0072 9.5 64.5 

F17 7 120 0.0061 10.2 55 

F18 10 180 0.0069 9 oly 575 

F19 2 135 0 20063 10 3 655 

F20 13 150 0.0075 8.8 550 

F29 9 180 0.0070 922 650 

F30 32 180 0.0065 9.9 520 

P31 25 180 0.0069 9.2 550 

F33 9 180 0.0055 12.3 605 

P35 9 180 0.0067 98 610               
  
 



  

Nominal Goncentration : 0.010 torr 

10.5 m/s Nominal Velocity 

  

  

Area of Deposition s* 2.200 mn 

Run Weight Run Salt conc. |Velocity, | Temperature 
No. of time, torr. m/s at forward 

deposit, mine Stagnation 
mg» Point, °¢ 

. Fai 15 105 0.0130 10.2 575 

F22 3 120 0.017 9.2 655 

F23 7 150 0.012 9.5 650 

F2h, 8 120 0.0110 9.5 625 

F25 i2 120 0.0139 93 600 

F26 3 60 0.010 93 635 

F27 8 120 0.0143 903 615 

F28 15 120 0.016 86 560 

FLO 30 125 0.0182 9.9 585               
  

 



  

Nominal Concentration 3; 0.0300 torr 

  

  

Nominal Velocity : 10.5 m/s 

Area of Deposition : 2,208 ii 

Run Weight Run |Salt conc. |Velocity, | Temperature 
Noe of time, torr. n/s at forward 

deposit, min. Stagnation 
mgs Point, °C 

Fl 27 50 0.0262 101 5,0 

F2 19 50 0.0321 8.0 615 

BZ 26 50 0.027), 9.7 560 

F6 1) 50 0.0270 9.9 620 

F8 18 50 0.0293 9.1 560 

P32 20 hs 0.026), 9-7 pp 

F3)h 7 L5 0.0258 10 «3 610 

F36 27 120 0.0317 10 2 620 

37 31 120 0 .03),6 9.1 600 

F38 hs 120 0 60345 9.0 550 

F39 50 120 0.031 9.1 520                 

 



  

  
  

  

  

        

  

  

Nominal Concentration : 04.0560 torr 

Nominal Velocity : 10.5 m/s 

Area of Deposition :¢ 2,200 mm 

——— 

Run Weight Run Salt conc. | Velocity,| Temperature 
Noe of time, torr. m/s at forward 

deposit, min. Stagnation 
mg. Point, °C 

Fl 28 30 0.0582 Jel 555 

F5 aL 40 00553 9-6 600 

F7 23 30 0 0538 Jel 570 

F1l 16 30 0.05))2 9.9 655 

  

  

 



  

  

Nominal Concentration : 0.035 torr 

Nominal Velocity 18.0 m/s 

Area of Deposition 2,200 at 

Run | Weight |Run [Salt |Velocity | Temp. at Weight 
Noe of time,}| conce s forward |Time-e Gone. 

deposit,|min. |torr. Stagna- |(Velocity) =# 
ME tion 

  

          

Point ,°C 
  

        

 



  

Nominal Concentration : 0.065 torr 

  

  

Nominal Velocity : 10.5 m/s 

Area of Deposition : 2,200 ran 

Run | Weight |Run | Salt Velocity | Temp. at | Weight _ 
Noe of time,] conc. m/s forward |Time. Cone., 

deposit,|min. | torr. Stagna- (Velocity) © 
Mg e tion 4 

Point, © 

(a) 

G1 39 5 | 0.065 98 580 h.32 

G2 2 45 | 0-06) 949 595 63 

G5 h3 5 | 0.062 10.2 630 «86 

G7 ho 5 | 0.070 8.8 550 )33 

G11 },.0 5 | 0.068 98 525 4.19 

G13 h2 5 | 06065 99 600 168 

G53 30 30 | 0.059 10.2 570 5.0 

G55 28 30 | 0.063 9.7 580 e71 

                     



  
  

  

Nominal Concentration : 0.065 torr 

Nominal Velocity : 18.0 m/s 

Area of Deposition 2,200 ram 

Run | Weight }Run | Salt Velocity | Temp. at Weight 
No. of time,| conc. n/'s forward | tonp. Gone. 

deposit,|min. | torr. Stagna- (Velocity) 4 
mg tion ne 

Point, °C 
  

              
  

 



  

Nominal Goncentration : 0.125 torr 

  

  

Nominal Velocity tae m/s 

Area of Deposition 2,200 ram 

Run | Weight | Run | Salt Velocity | Temp. at Weight 
Mo. of time ,} conc. m/s forward | Time. Cones, 

deposit,|/ min. | torr. Stagna- (Velocity) = 
Mg e tion o 

Point, ¢ 

(a) 
G1) ya 20 | 0.139 89 520 92 
G15 38 20 | 0.125 10.0 600 ) 683 
G16 38 20 | 0.125 10.1 575 81 
G17 38 20 | 0.12) 10.1 570 89 
G18 39 20 | 0<ak0 10 66 620 5 0 
G20 38 20 | 0.123 10.5 61,0 80 
G38 56 30 | 0.12) 10.3 600 e7h 
G2 49 20 | 0.126 945 550 5-0), 
Gh6 37 20 |0.129 9.5 520 65 

G5O 39 20 | 0.151 903 5h5 5°07 
G51 h2 20 | 0.132 9.1 555 5.28 
G66 50 25 | 0.120 10.0 550 5 30 
G67 52 25. |-Oe12) 10 2 590 5 0 

(b) 
Gh7 | 50 30 | 0.122 105 655 e221 
Glo 5h. 30 | 0.130 9.9 670 by old 
Gh.8 h6é 30 | 0.12) 10.3 675 387 
Gh3 37 30 | 0.123 10 6 690 3.07 
Gh.9 1 30 | 0.122 10.1 690 3053 
Gi 2h 30 | 0.128 96 700 2.02 
G37 25 30 | 0.12) 10 el. 710 2.08 
chs 2h) 30 | 0.125 10.2 715 200 
G39 19 30 | 0.127 10.2 720 2.16 
G19 6 20 70.422 10.5 725 0.76 
Gh 8 30. | 0.121 105 730 0.68                 
      

 



Nominal Concentration :. 0250 torr 

: 10.5 m/s 

: 2,200 mmn@ 

Nominal Velocity 

Area of Deposition 

189. 

  

Run 
No. 

Weight 
of 

deposit, 
MS e 

Run 
time, 
mine 

Salt 

CORC e 

torr e 

Velocity 
m/s 

Temp. at 
forward 
Stagna- 
tion ‘ 
Point, © 

Weight 

Time. Gone q 

(Velocity) * 

  

                  

 


