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lNTRODUCTlON 

Up to now the chemica! and physical processes occurring in exhaust gases 

doped with volatilized matter from the glass melt are only understood in 

general terms. During transport from the furnace to the stack, the 

exhaust gases are cooled down from 1800 K to approximately 500 K. 

During this transportation the exhaust gas flow passes surfaces with 

lower temperatures. Heat transport from the exhaust gas to these 

relatively cold surfaces is accompanied by maas transport of gaseous 

species towards the surface resulting in depaaition of exhaust gas 

components. 

Recuperation of part of the heat content of the exhaust gases is a 

procedure generally applied in the glass industry. Heat is transferred 

from the flue gases to the cambusion air by means of regenerators or 

recuperators. 

Depaaition of several condensing exhaust gas components at the relatively 

cool surfaces in regenerators may cause blockage of the channels, a 

decreasing heat transfer and corrosion. 

Inorganic salts like sodium sulphate, lead sulphate or sodium borates are 

the main constituents of the deposits in regenerators or recuperators. 

Alkali, sulphur and occasionally lead, boron, chloride and fluoride 

components are introduced in the exhaust gas by fuel impurities or, have 

volatilized from the glass melt. The chemica! composition of the exhaust 

gas is strongly dependent on the temperature. Variatiens in temperature, 

result in changing thermadynamie conditions causing chemica! conversions 

in the exhauat gaaes. Generally, the chemica! composition of the bulk 

exhaust gas is different from the composition of the gaseous phase near a 

colder surface. Thia causes diffusion mainly of salt forming elements 

like sodium, sulphur, lead or boron towards the wall. In this study the 

depaaition behaviour has been investigated for several exhaust gas 

compositions~under different conditions. Physical models have been 

developed in this field and applied to calculate the depaaition rates and 

the nature of the deposited product for practical casès. 

To obtain a better understanding of the processes that cause the 

entreinment of eertsin chemica! elements in the flue gases of the 

furnace, a detailed description of the glass melting process is given in 
chapter 1. 

-1-



In this chapter a survey is given of the volatilization processes in the 
furnace resulting in exhaust gases loaded with components orginating from 

the glass melt, the raw material batch or the fuel. The impurities in the 

exhaust gases cause fouling of heat exchanging systems and emission of 

hazardous dust or gaseous components. 

The behaviour of the exhaust gases depends on: 

- the chemica! gas composition; 

- the flow characteristics of the exhaust gases; 

- the tempersture profile in the main gas stream; 

- the presence of relatively cold surfaces or objects. 

Thermadynamie approaches can be applied to calculate the 'thermo­

dynamically stable' exhaust gas compositions as a function of tempersture 

and dopant concentrations. The most important chemica! equilii.brium 

reactions in exhaust gases of glass furnaces are given in chapter z. 
The relevant thermadynamie parameters like the equilibrium constante and 

saturation pressures as derived from extensive literature studies are 

also presented in that chapter. Mass transport processes and deposition 

processes that take place in the exhaust gas flows are also mentioned 

according to theories and observations described in the lit~rature. 

Chapter 3 deals with calculations to estimate the chemica! behaviour of 

flue gases during cooling. This chapter also presents the outcome of our 

laboratory investigations to characterize the condensation products. 

These results are compared with the thermodynamically expected 

condensates. 

Mass transport processes determining the deposition behaviour in exhaust 

channels are presented in chapter 4. Theoretica! models are applied to 

investigate the nature and the rates of deposition of simulated exhaust 

gases. Calculations based on these model are executed to obtain 

deposition rates for the most common flue gas compositions in the glass 

industry. The application of this method in actual industrie! situations 

is discuseed in the last chapter. From this chapter the validity of the 

theoretica! approaches and the laboratory studies for the evalustion of 

the industrial situation wil! be shown. 

In the scheme on page 3 a presentstion is given of the physical and 

chemica! processes in the exhaust gases from regenerative g~ass furnaces. 
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Schematic presentstion of processes taking place during the transport 

of exhaust gases to the atmosphere. 

Glass Furnace 
- Production of exhaust gases from the cambustion of mineral fuels, 

temperatures varying from 1800 to 2000 K. 

- Entreinment of batch volatiles, dust particles and volatile 
components from 0 to 1000 volume ppm·. 

Chemica! reactions producing sulphur oxides and nitrogen oxides in 

the hot gases or flames. 

Regenerators 

- Exhaust gas flow through channels made by a checker work of 

refractory material, the gas veloeities vary from 2 to 4 m/s. 

- Formation of boundary layers adjacent to the surfaces of the 

submerged bricks; the average thickness of these velocity boundary 
layers is in the order of a few centimetres. 

- Simultaneous maas and heat transfer to the surfaces of the checker 

work, Nusselt numbers vary from 10 to 30 and Sherwood numbers also 

vary from 10 to 30. 

- Deposition of condeneed aalt components caused by the mass transport 
of the salt constituting elements through the boundary layer, 

depaaition rates vary from 0 toS mg/nt.s., depending on the 

location and the composition. 

- Cooling of the exhaust gases caused by the heat transfer to the 

checker work, the tempersture drops from 1700 K to 7SO K in the 

regenerator. 

Dust formation in regenerators is caused by eendensstion of 
supersaturated components in the exhaust gases. 

Stack 

- Further cooling of exhaust gases till temperatures of approximately 
SOO K. 

- Formation of sticky dust by resetion of water or sulphur oxides 
with the particles in the exhaust gases. 

- Emission of hazardous gaseaus components, like hydragen fluoride, 
hydragen chlorides, boric acid or sulfurie acid. 

- Emission of dust, the constituting particles have diameters between 

O.OS ~m and 20 ~m. 
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1. COHBUSTION AND GLASS tEUING IN IJOJSTRIAL F"URNACES 

1.1 The industrial glass .elting process - introduetion 

The industrie! production of glass from raw material batch is generally a 

continuous process. The main glass products are (see also table 1.1 for 

the chemica! compositions): 

- container glass; 

- flat glass; 

- re-inforcement fibres; 

- insulation fibres; 

- borosilicate glass for laboratory ware; 

- crystal glass; 

- optica! glass; 

The glass output of continuous glass melting furnaces varies from 5 tons/ 

day to 800 tons/day. In most countries fossil fuels are the chief 

energy-suppliers. 

Furnace temperatures vary from 1700 K to 1900 K, dependent 9n glass 

composition and glass quality. A well-mixed batch of raw ma~erials is 

continuously charged to the furnace. For the common soda-lime glasses 

(container and flat glasses) these raw materials are: 

silica sand, feldspar, soda ash, limestone, dolomite and salt cake 

(sodium sulphate). The batch floats on the glassmelt end is heated by 

the radietion of the flames in the cambustion chamber and the transfer of 

heat from the hot glass melt. Several chemica! and physical changes occur 

during the heating of the raw materials. Solid state reactions between 

particles of the raw materials result in. the formation of eutectic 

melts. The batch particles dissolve in this melt, aften accompanied by 

dissociation reactions resulting in formation of gaseaus components like 

carbon dioxide and water vapor. 

The dissalution of all solid particles, the homogenisation and the 

remaval of gaseaus products has been the glass producer's main concern. 

The quality of the glass product is strongly dependent on t~e glass 

melter temperature, the residence time distribution, the mean residence 

time and the batch composition. 
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I 
VI 
I 

Tabla 1.1: Typical compositions of commercial glass products. 

Perc. in container flat glass borosilicate E-glass for 

weight-" glass glass reinforcement 

fibres 

Si~ 70.0 - 74,0 70.0 - 73.0 80.0 81.0 54.0 

Al2~ 1.0- 2.0 0.1 - 1.7 2 - 2.6 14.5 

Ffl2 03 0 - 1.0 0.05 - 0.2 < 0.1 0,3 

CaO 8.5 - 11.0 7.0 - 10.0 < 0.2 17.0 - 23.0 

MgO 0 - 3.0 3.0 - 4.0 - 4.3 

BaO - - - -
N&J 0 12.0 - 15.0 12.5 - 15.0 3.5 - 5.0 0.3 

K20 0.5 - 1.0 0 - O.B ± 0.5 0.2 

S03 0 - 0.2 0.15 - 0.3 - 0 - 0.1 

F2 - - - -
B:z 03 - - 12.0 - 13.0 7.0 - 9.0 

Cr2~ 0 - 0.2 - - -
PbO - - - -

lead crystal special lead A-glass 
glass glass insulation 

glass fibres 

± 60.0 45.0 72.0 

< 0.1 2.7 2.5 

0.02 0.03 0.5 

- 2.0 9.0 

- - 1.0 

- - -
1.0 - 1.5 1.7 12.5 

13.0 - 15.0 11.1 1.5 

- - -
- - -

< 1.5 - 0.5 

- - -
24.0 - 25.0 37.0 -



The mean residence time in induatrial glass furnacea varles from 25 to 
60 hours. In general three procesaea are distinguished in the melting 

tank: 

- the melting procesa 

- the refining process 

- the homogeniestion process. 

These three esaentiel glass melting processas may partly overlap each 

other inside the furnace. 

The furnace design mainly depends on the glass producta to be formed. 

for instanee the glaas melt of a container glass furnace ia tranaported 

through a so-called throat towards the working-end or refiner. 

The glass leavea the working-end, flowing to the forehearth and feeders 

respectively. The lay-out of a typical industrial container glaaa furnace 
is given in figure 1.1. 

figure 1.1: Regenerative side-port fired containerglassmelting furnace. 
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1.1.1 The COIIbuation of fossil fuels in the •lting furnace 

Worldwide the most frequently used energy sourees in the glass industry 

are: 

- natura! gas; 

- mineral oils; 

- electricity. 

The oxidant supplier is mainly ambient air, sametimes enriched with pure 

oxygen. The furnaces with fossil fuel combustion are usually equipped 

with two burner systems to have the possibility to use natura! gas as 

wel! as oil. In Western Europe (1981) 45~ of glass furnaces' energy 

consumption is on account of natura! gas combustion, in the USA the 

consumption of natura! gas in glass furnaces is even more important, 84~ 

in 1982. 

The energy consumption depends on glass quality, glass composition and 
the capscity of the glass melting furnace. The cambustion air is directly 

heated by exhaust gases in recuperators or indirectly by the exhauat 

gaaes in regenerator systems. 

The most common furnaces are: 

- aide-port fired regenerative furnaces; 
- side-port fired recuperative furnacea; 

- end-port fired regenerative furnaces. 
An illuatration of the last two types is given in figure 1.2. 

In case of a regenerative furnace with aide-port firing, preheated air 

and fuel are combusted by several burners along one side of the furnace. 

The exhauat gaaea leave the cambustion chamber at the opposite furnace 

side. The direction of the flames is reversed after periods of twenty 

minutes. 

Recuperative furnaces are mostly aide-port fired but the cambustion takes 

place from both sides of the furnace, this is a continuous process. The 

exhaust gases flow from the cambustion chamber to one or two recuperators 
at the front of the furnace. 

In an end-port fired furnace the burners and exhaust ports are positioned 

at the same end of the furnace. During a firing period the flame from the 

burner is reversed by the shadow wal! and the exhaust gases leave the 

furnace through the regenerator adjacent to the burner port. This process 

is reversed after approximately 20 minutes. After the reversal the 
burner port functions as exhaust port and vice versa. 

-7-



fiqure 1.2a: Recuperative side-port furnace. 

figure 1.2b: Regenerative end-port furnace. 

-8-



1. 1. 1. 1 The COllibustion of the fuels in glaas furnaces 

The fuel is generally injected into the combustion air by means of a 
nozzle. The flame-length is approximately proportional to the nozzle 

diameter. Trier [1] has given arelation (1.1) for the estimation of the 

length of a turbulent diffusion flame, without back-mixing of the furnace 

gases. 

where: 

C0 = concentration of fuel at the injection point; 

Ce = concentratien of fuel at the stoechiometric mixing point; 

d0 = nozzle diameter; 

p 0 = fuel density at the injection point; 

Pc = density cambustion air; 

Lr = total flame-length. 

( 1.1) 

Back mixing of the exhaust gases normally will increase the flame-length 

by 10% to 20%, and enhances the homogeneity and stability of the flame. 

The .flame-length is increased by: 
- back-mixing of furnace gases; 

- influences of adjacent furnace or port walls; 

- parallel flow of fuel and cambustion air. 

In case of natura! gas firing, short flames may be obtained if thè angle 

between the flow directions of the fuel and the air is approximately 

45 ° . The decreasing length of the flames in this case is eaueed by an 

increased mixing rate. The average tempersture of a flame increases with 

decreasing flame-length. Tempersture profiles for three different flames 

are given in figure 1.3. 

The first 10% of the flame-length has a relatively high tempersture in 

case of oil-combustion. This part of the flame hardly contributes to the 

heat transfer to the glass melt. The tempersture of a natura! gas-fired 

flame reaches lts maximum in the end of the flame. 

-9-



Figure 1.3: 

Tempersture (T) soot concentratien 

(C0 ) and radiative emissivity (R) 

for different flames in the glass 

furnace from literature reference [1]. 

The heat transfer from naturel gas flames is rather small, because of the 

relatively low emissivity. This results in only a slight deeresse of the 

flame tempersture at the end of the flame. The heat transfer from oil 

flames is enhanced by soot formation, resulting in high values for the 

emission coefficient. Soot formation is favoured by fuel with high 

carbon/hydragen ratios, the emissivity of these flames can reach a value 

of nearly 1. 

The tempersture of a naturel gas flame in a regenerative end port furnace 

may reach a tempersture of 2000 K. These high flame temperatures partly 

compensate for the decreasing heat exchange caused by low emissivities. 

The reactions of methane oxidation are given in figure 1.4. 

The local oxygen availability, flame tempersture and stage of the 

resetion determines the course of the oxidation process. Fro~ the given 

scheme it is clear that the conversion mechanisme in fuel cambustion 

systems are very complicated. 
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Figure 1.4: CHil + OH + CH3 + ~0 

The most important reaction steps Clit + 0 + CH3 + OH 

in the methane oxidation [2]. CH3 + 0 + CH20 + H 

CH3 + 02 + CH20 + OH 

c~o + OH + CHO + H20 

c~o + 0 + CHO + OH 

c~o + H + CHO + H2 
CHO + 02 + co + HO-z 
CHO + OH + co + H20 
CHO + 0 + co + OH 

CHO + M + co + H + M 

co + OH + co2 + H 

co + O+M+ CÜ2 +M 

(M indicates an arbitrarily chosen gas molecule). 

Detailed information of the cambustion natura! gas is given in the 

literature [ 3, 4, 5] and beyond the scope of this thesis. 

1.1.1.2 Heat transfer from the fla.es 

The heat transfer from the cambustion chamber to the batch or glass melt 

involves mainly the radiation of the flames towards the colder surfaces 

of the melt or the batch. The heat of radiation from the flames to the 

raw batch materials or the glassmelt is approximated by relation (1.2): 

( 1.2) 

where: 

HR = heat of direct radiation from the flame (W) 

Eeff = effective emissivity of the cernbustion system 

a = Boltzmann's constant (W m-2 K-4 ) 

Tr = absolute flame tempersture (K) 

Tm = glass melt or batch tempersture (K) 

A = surface area of radiation (ro2). 
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This very simple relation shows that high flame emissivities and 
temperatures result in an enhancing heat exchange. Radietion from the 

flame towards side wálls and the crown and radietion from the 

superstructure of the furnace towards the melt also plays a ~ole in the 

tot al heat exchange. Michelfelder ( 6], De Waal ( 7] and Coope~ ( B] have 

given different approaches for the radiative heat transfer f~om the 

cambustion chamber in glass furnaces. 

The emissivity value is strongly dependent on the chemica! composition of 

the flames, for instance: 

- soot particles; 

- carbon dioxyde; 

- water vapor; 

- and radicals enhance the radietion from the hot gases. 

The radiating soot particles oxidize further in the flame resulting in 

mainly carbon dioxide formation. Radietion of a short flame is enhanced 

by the high tempersture as previously stated in figure 1.3. 

Approximately 95% of the heat input to the glass melt is due to the 

radietion of the flames and the cambustion chamber. Convective heat 

transfer is enhanced by: 

1. higher flame veloeities 

2. reactions of the unburned fuel residues in the boundary l$yer across 

the glass melt surface 

3. positioning of the burner towards the glass surface. 

1.1.1.1 The gas flow in the co.buation chaMber 

The veloeities of the gases from an oil flame are higher than those 

veloeities in case of natura! gas firing. The flue gas veloeities in 

glass melting tanks vary from 0.5 to 15 m/s. The gas velocity near the 

glass melt surface for a horizontally positioned burner amounts 0.5-1.0 

m/s. Gas veloeities increase till 4.0 m/s neer the glass surface when the 

burner is directed towards the melt. The impulse of oil flames is 

generally higher than the impulse of natura! gas flames. Therefore, 

mixing the exhaust gases from oil burners with the gas in the cambustion 

chamber is more intensive than the mixing capecity of a naturel gas 

flame. 
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The residence time of the main part of the exhaust gas from a naturel gas 

flame in the furnace is rather short. In case of regenerative side-port 

firing 60 to BOS of the burner gases are transported directly to the 

opposite parts of the regenerative furnace. 

The remaining part is mixed with the contente of the cambustion chamber. 

1.1.1.4 NDx-for.ation in the coabustion chamber 

NOx is mainly produced in the oxidizing parts of the flame. Direct 

mixing of the cambustion air with the fuel results in minor soot 

formation and high converslons of nitrogen with oxygen into nitrogen 

oxides as NO and N02 in the flame, according to investigations of Abbasi 

et al [ 9] • 

Lack of complete mixing results in high NOx formation in the oxidizing 

exhaust gases. The mixing process has come much more to completeness in 

end-port fired furnaces reauiting in lower local air excesses. 

Besides these disadvantages of a directly mixed fuel-air flow, a slight 

deeresse in the maximum flame tempersture is expected, especially in 

cases with high excess air combustion. The cambustion air is preferably 

added to the reducing flame step-wise, to avoid the disadvantages of 

direct mixing of the complete air flow with the fuel. The air excess 

should be as low as possible because of mainly three reasons: 

- An increase in the air excess results in an increasing volume of 

exhaust gases and so increases heat losses through the stack. 

- The flame tempersture decreases at high excesses of air. 

- Low oxygen contents are preferabie to deeresse the most important 
reactant for nitrogen oxide formation. 

The concentrations of H2, CO, co2 , ~ and NOx in a naturel gas flame 

and a mineral oil flame are given in figure 1.5a and 1.5b respectively 

for an end-port furnace, (presented by figure 1.5c). 

More information is given by Wakamatsu et al [10]. 
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figure 1.5a: 

Concentrations of CO:l, CO, ~, 

~ and NO x as a funct ion of 

the flame path length in a 

natura! gas flame from 

reference [ 11]. 

peep 
hole 1 

Fïgure 1.5b: 

Composition of heavy oil flame 

as a function of the flame 

path length reference [11]. 

peep 
hole 2 

bubble 
line 

peep 
hole 3 

Figure 1.5c: End-port furnace with indicated flame pattern and positions 
for UV-observations. 
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1.1.1.5 other aspeets of adneral fuel coabustion • 

The maximum tempersture of the flames is limited by the heat resistivity 

of the superatructure of the glass melting tank. The amount of burners of 

the furnace depends on the furnace dimensions and furnace type (side 

fired, end-port fired, regenerative or recuperative). 

Exhaust gas compositions of a natura! gas and a mineral oil fired glasa 

furnace are given in table 1.3. 

Table 1.3: Typical exhaust gas composition*) for natura! gas and mineral 

oil fired furnaces (air excess = 10%). 

mineral oil with 

component natura! gas 1.5%- sulphur 

vol.% vol.% 

~ 71 - 73 73 - 74 

c~ 9.0 - 10.0 11.5 - 12.5 

~ 2.0 2.0 

~0 18.0 - 19.0 11 - 13 

5~ + 503 < 0.0005 0.04 

*) without fuel impurities and batch volatiles. 

From this table it is shown that formation of sulphur oxides is an 

additional problem especially in case of oil combustion. 

5ulphur oxides play an important role in: 

- corrosion mechanisme in heat exchangers; 

- salt formation in exhaust gases; 

- gaseous emissions of glass furnaces. 

The sulphur concentration in natura! gas varies from 0 to 0.02 weight-% 

and in the used oils from 0.5 to 2.0 weight-%. Sulphur dioxide is the 

main product and minor concentrations of sulphur trioxide are formed. 
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The reaction: 

proceeds very slowly and the equilibrium moves to the right only at 

temperatures below 1000 K. At high temperatures the reaction: 

(1.3) 

(1.4) 

may take place in the initial stages of the flame because of the 

dissociation of molecular oxygen enhanced by radiation or callision of 

oxygen molecules with activated carbon dioxide molecules: 

D.2 + h.v + 0 + 0 *) 

or 

co2 * + o2 • co2 + o + o 
activated 
complex 

( 1. 5) 

(1.6) 

According to Hedley [12] these dissociations determine the oxidation 

process of sulphur dioxide to sulphur trioxide in oxygen rieh 

environments. These reactions praeeed reversely from the reactions to 

obtain equilibrium composition at these temperatures. 

Hedley gives an explanation by assuming that the concentratien of 

sulphur trioxide may exceed the equilibrium concentratien during the 

first 100 msec. see figure 1.6. 

The initia! formation and reversely the proceeding dissociation as 

thermodynamically favoured, may be presented as: 

*) h.v indicates the energy supplied by radiation. 
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Figure 1.6: The concentration of S03 in an air rich flame during the 

initia! stages according to reference [12]. 

The first resetion eppears to be a first order resetion in the atomie 

oxygen concentration. The second resetion is a relatively slowly 

proceeding one. This results in temporary 'high' sulphur trioxide 

concentrations. So sulphur trioxide may be formed in the flame at 

temperatures above 1800 K see figure 1.6. Generally conversion of sulphur 

oxides is thermodynamically favoured at temperatures below 

1200 K. 

This process is limited by the slow kinetics at lower temperatures. 

However, silica dust and vanadium oxides enhance sulphur dioxide 

oxidation in regenerators or recuperators. 

The cambustion of natura! gas is a cleaner process than that of fossil 

oil. However, nitrogen oxide formation is slightly increased by the 

cambustion of natura! gas according Kircher [13]. The impurities of 

fossil oils are mainly: sulphur, vanadium, nickel and sodium, see table 

1.4. 

Gaseous vanadium oxides have severe corrosive properties (Christof et al 

[14], Jones et al [15]) and may damage the bonding structure of the upper 

part of the regenerator checkers. Both nickel and vanadium compounds may 

affect the glass making process or colour the glass melt. 

In the glass industry mineral oils are sametimes preferred because of the 

higher emissivity of oil flames. However, the heavy metal impurities in 

mineral oils wil! be an important disadvantage for the use of oil, unless 

newly developed filter installations are applied to clean the exhaust 
gases of the furnaces. 
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Table 1.4: Metal/Sulphur impurities in fossil oils in ppm (mg/kg). 

Venezuela oil US oil Middle East 

Vanadium 0 - JO 0.7 - 2.0 J - 100 

Nickel O.J - 6.0 0.8 - 1.2 6 - JO 

Sodium 10 - JO J - 40 0 - 1.0 

Total ash < 1000 < 500 < 250 

Sulphur 0.55 - 2.5% 0.25 - O.J5% 1.5 - 2.5% 

1.1.2 Yolatilization fra. the glass melt 

In the last twenty years a lot of attention has been paid to the 

vaporization of glass components from the glass melt. Formerly it was 

thought that the dust emitted from the exhaust originates fGom batch 

carry-over particles. Although particles from the batch are entrained in 

the turbulent exhaust gases, the main part of the deposits and dust is 

formed from the volatilized matter vaporized from the batch or the melt. 

In soda-lime glass melting tanks, sodium and sulphur compou~ds are the 

most important vapors from the melt. lead oxides vaporize from lead glass 

tanks and baron compounds are volatile in borosilicate melters. 

The concentrations of the chemica! elements in the exhaust gases of glass 

furnaces exclusively cambustion products (02 , N2 , H20, C02) are given in 

table 1.5 for several glass furnaces. 

The concentration of a certain element in the exhaust gas exit of the 

cambustion chamber can be calculated with formula (1.8): 

(xi * B + Zi * F + ai *A - yi * G) 

M .• E * 40 
1 
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where: 

Pi = par ti al pressure of element i in the exhaust gas (atm.) 

X i = weight fraction of element i in the batch 

Yi = weight fraction of element i in the produced glass 

Si = weight fraction of element i in the cambustion air 

Zi = weight fraction of element i in the fuel 

E = exhaust gas flow (m3 /hr) 
n 

B = batch input (kg/hr) 

G = glass output (kg/hr) 

A = cambustion air input (kg/hr) 

r = fuel input in kg/hr 

Mi = molecular mass of element i (kg/mol). 

* Pi is assumed for the calculations as the partial vapor pressure of 

the total concentration of element i, assumed as a gaseaus atomie 

compound. 

Table 1.5: Exhaust gas compositions from different glass furnaces, 

mentioned in table 1.6 (from industrial reports and from 

several literature sources) concentrations*) in volume ppm. 

furnace As s Cl Na K Pb B r 

A - 1200 60 100 10 - - -
B 20 160 60 100 10 - - -
c - 190 50 100 - - - -
D - 1200 - 30 80 - 900 600 

E - 1340 - - - 160 - -
r - - 5 16 25 120 - -
G - 160 10 500 100 - 600 -
H - - - 5 40 - 70 -

*) assumed as gaseous elements in cambustion gases. 
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Tabla 1.6: Glass furnace types and glass compositions for the exhaust 

compositions of table 1.5. 

: 

Furnace Description 

A container glass - side-port fired 

B 

c 

D 

E 

F 

G 

H 

71% Si~- 1.5% Al2 ~- 0.3% F8:l03 regenerative furnace, 

10% CaO - 1% MgO - 14% Na20 - fuel: oil 

1% K20 

container glass 

71% SiD.2 - 1 • 5% Al2 03 -

0.3 % F~~ 10% CaO - 1% MgO -

14% N~O - 1% K20 

flat glass 

72% SiD.2 - 1 .5% A~~ -
8% CaO - 3% MgO - 14% Na20 -

1r. K2 o - o.3% s~ 

borosilicate glass 

5% ~ 0 - 16% Al20s - 20% CaO 

54% SiD.2 - 0.5% K20 - 4.5% MgO 

lead glass 

37% PbO - 45% SiD.2 - 4. 5% K2 0 

2. 7% Al2 ~ - 2.% CaO - 1. 7% Na:! 0 

lead glass 

- side-port fired 

regenerative furnace, 

fuel: naturál gas 

- aide-port fired 

regenerative furnace, 

fuel: natur~l gas 

- recuperative furnace, 

fuel: oil 

- side-port fired 

regenerativ~ furnace, 

fuel: oil 

- aide-port F+red 

29.5% PbO - 56.3% Si~ - 7.2% K20 regenerative furnace, 

1 • 31\l Al2 ~ - 4. 7% Na:! 0 fue 1: natura! gas 

sodium-borosilicate glass 

5% 9:l 03 - 11% Na2 0 - 73% Si 02 
2% Al2 ~ - 9% CaO 

borosilicate glass 

5% ~ 0 - 16% Al2 03 - 2m; CaO 

54:11 SiD.2 - 0.5ll: K20 - 4.5% MgO 
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1.1.2.1 Volatilization and particulate entreinment in furnace atmosphere 

Several investigators [16, 17, 18] studied the composition of batch 

carry-over and volatilization products in flue gases of industrie! glass 

melting furnaces. 

The used methods are: 

1. analysis of deposition products on a water-cooled paddle positioned at 

the entrance of regenerator ports; 

z. analysis of deposition products on a platinum deposition paddle kept 

at furnace tempersture and positioned at the entrance of a regenerator 

port; 

3. analysis of isokinatic sampled gas volumes from the exhaust gases in 

regenerator ports. 

Busby and Sengelow [16] used the first and second method for the analysis 

of particulate matter and volatilized matter eerried by the exhaust gases 

from soda-lime glass furnaces. The furnaces under investigation were 

side-port or end-port fired using either oil or natura! gas as energy 

source. The samples from method 1 consist of deposited particulate and 

condeneed volatile matter of the furnace atmosphere. 

Samples from method Z probably only consist of the particulate or liquid 

matter in the furnace gases. From Busby's investigations it is concluded 

that volatilization of sodium end sulphur compounds from the glass melt 

is the main vaporization process. Vaporization of sodium compounds from 
the soda of the raw material batch will result in rather high sodium 

contents as compared to the contente of sulphur compounds in the furnace 

atmosphere above the batch in case of natura! gas firing. 

However, from the results of the enelysis of the deposits from method 

in the regenerator port near the batch entrance, it appeared that the 

NB20/S03 ratios were lower than 1. From this result it seems that 

vaporization of sodium compounds from the raw batch material has a minor 

effect on the vaporization process. 

Chlorides, resulting from the vaporization of minor sodium chloride 

impurities in synthetic soda have been detected, Silica, calcium oxide, 

alumina end sodium compounds have been analysed as the major components 

in the deposits of the particulate matter, obtained by method 2. 

Vanadium oxides have been detected in considerable amounts in the 

particulate matter. 
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Lyke and Byars [18] investigated the dust and gas compositior of 
isokinetically sampled gas volumes from glass furnace atmospheres. 

The most important components were sodium and sulphur (sodium sulphate) 

and in case of the use of synthetic soda ash also chlorides. Calcium, 

magnesium and water insoluble components, formed the remsinder of the 

samples. The addition of water to the raw material batch caused a 

reduction of the total dust emission with 30%. 

1.1.2.2 Yolatilization mechanisa 

Although a lot of research has been done into the nature of the processas 

that determine volatilization from batch material and glass melt, the 

vaporization mechanisms have not yet been fully understood. iThe need to 

understand the involved vaporization processas arises from four aspects: 

1. vaporization may cause a lack of volatile compounds in t~e glass 

products. 

2. the composition of the surface glass may be different fr~m the bulk 

glass compostion; surface glass may be folded into the melt causing 

inhomogeneities in the parent glass. 

3. volatilized glass components may damage refractory materials of the 

regenerators. 

4. volatilization is the main cause for the emission of dust particles 

from the exhaust of glass furnaces. 

The transport of glass components from the parent glass melt to the gas 

atmosphere of the furnace proceeds successively via: 

- diffusional transport in the glass phase towards the glass-gas 

interface through a surface layer with a varying composition; 

- vaporization and/or resetion at the glass surface reauiting in 

conversion of glass constituents in volatile components; 

- transport of the gaseaus components from the gas/glass interface 

towards the gas atmosphere of the furnace; 
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- convective transport of the volatiles in the flue gas flows in the 
cambustion chamber. 

Volatilization may be enhanced by reactions of glass components with 

components of the gas atmosphere. 

Constituents of the furnace atmosphere may enhance or reduce vaporization 

rates for eertsin glass components. The atmosphere of an industrie! glass 

melting furnace is never saturated with ·components evaporated from the 

glass melt. The transport of the chemica! compounds from the glass melt 

surface to the convective gas flow in the cambustion chamber is 

determined by the diffusion through a gaseous boundary layer formed on 

the combusted gases above the melt. In case this transport through this 

boundary layer is the rate-determining step, vaporization will increase 

with the relevant Sherwood number for the flow conditions under 

consideration [19]. The Sherwood number increases proportionally to the 

square root of the gas velocity near the surface of the glass melt. 

Higher gas veloeities reauit in increasing vaporization rates. An 

increase of the fuel consumption per square meter of melting area 

enhances the vaporization, but normally will deeresse the amount of 

volatilized matter per unit of exhaust gas volume. 

From the investigated literature it is clear that the vaporization 

mechanism depends on: 

- the glass composition; 

- the gas flow rate along the glass surface; 

- the composition of the gas phase; 

- the temperature. 

For the most relevant glass compositions these volatilization mechanisme 

are discuseed in the following sections. 

a. Soda-li111e glasses 

According to the investigations of Hanke and Scholze [22] vaporization of 

sodium components from soda-lime glasses is enhanced by the water vapor 

in the atmosphere. 

NazO (glass) + ~O(g) + 2NaOH(g) (1.9) 
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The same conclusion is drawn by Conredt et al [19] from experiments with 
undersatured gas flows above the glass melt. In the experiments of 

Conredt the gas flow was chosen at such a level that the vaporization 

rates are independent of the gas velocity. It is assumed that these 

experiments resemble the practical situation to a eertsin degree. 

Sanders et al [ 21] have shown that the volatilization of sod,ium compounds 

is increased by high partiel sulphur dioxide pressur·es in an atmosphere 

above a well-stirred soda-lime glass melt. 

The sulphur oxide vapor pressures in their experiments exceeded the 

practical values till pressures up to 80 mbar. Dissalution of sulphur 

trioxide in the glass melt at these vapor pressures for sulphur dioxide 

resulted in increasing sodium sulphate activities in the melt. This 

effect is significantly lower in case of industrial glass melting 

furnaces where sulphur dioxide vapor pressures are below 5 mbar. 

Sodium sulphate in the well-stirred experiments of Sanders tends to 

volatilize molecularly. The total process may be explained ,,y reactions 
( 1 • 1 0) and ( 1. 11 ) : 

N920(glass) + SOz + 1/2 02 + N8;!S(\(l) ( 1.10) 

(1.11) 

However, for a non-stirred glass in an undersaturated gas a~mosphere, as 

is generally the situation in industrial glass melting furnaces, Conradt 

found a different behaviour: up to vapor pressures of 5 mbar sulphur 

dioxide hardly enhances vaporization from soda-lime glasses.in a water 

containing atmosphere. 

This behaviour was also found for soda-lime glasses with 0.22 weight-% 

sulphur trioxide. According to Conradt's investigations the reactions 

(1.10) en (1.11) are of minor interest for non-stirred melt~. The sodium 

sulphate vaporization expected from the composition of the parent glass 

with 0.22% SQ9 with high sodium sulphate chemica! activities, was not 

significant for Conradt's experiments. 

Reduced surface concentrations of sodium sulphates in the glass 

suppressed the vaporization expected from resetion (1.11). Only at high 

SQ9 concentrations in the glass, a surface layer of sodium sulphate was 

separated from the glass melt. 
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This layer gave rise to a congruent sodium sulphate vaporization process 
as shown by resetion ( 1.11). The vaporization rates from these glasses 

were camparabie with the volatilization rates from pure sodium sulphate, 

according to Conradt. Resetion kinetic limitations cause the inhibition 

of the reaction: 

N92SO... (glass) + H20 + 2Na0H(g) + 511:2 + Û2 IJ:2 (1.12) 

No increase in sodium sulphate vaporization was measured at increasing 

water vapor pressures. For practice this means that for commercial soda­

lime glasses (sodium sulphate concentrations lower than 0.5 weight-%) the 

most important vaporization resetion is the formation of gaseaus sodium 

hydroxides. 

Sulphur oxides from the melt are presumably formed during the refining 

stage, see resetion (1.13): 

S~ (glass) + SO:z + 1/2 O:z (1.13) 

b. Sodiu.-borosilicate glasses 

Wenzei and Sanders [23] studied the volatility of sodium-borosilicate 

glassas in water containing atmospheres. The used glass composition (16.5 

mol.% N920, 16,5 mol.% ~03 , 67 mol.% Si02 ) with the sodium metaborate 

stoechiometry, is expected to vaporize nearly congruently. The reactions 

(1.14) and (1.15) are believed to be of minor interest for this system. 

N~O (glass) + H20 + 2NaOH(g) (1.14) 

(1.15) 

The activities of the sodium metaborates in the stirred glass melt are 

relatively high compared to the sodium oxide or borium oxide activity. 

The main resetion is given by (1.16): 

N~O (glass) + B203 (glass) + 2NaB02 (glass) + 2NaB02(g) (1.16) 
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With high water concentrations in the furnace atmosphere the sodium 
vaporization decreased, no explanation was given for this fact. Although 

reaction (1.16) is predominant, the amount of vaporised boron slightly 

exceeds the amounts of vaporised sodium components, probably as a result 

of Na2 a. 07 ( g) formation. 

Conredt [19] concluded from his study that at high water vapor pressures 
a surface film is formed in the industrial glass melts. The ;surface film 

thickness will grow to a certain degree resulting in decreasing 

vaporization rates from the melt of this kind of glass. 

Aftera certain time the volatilization bacomes time-independent.The 

decreasing vaporization rate of sodium-borosilicate glasses as the water 

vapor preesure increases is due to the strongly influenced diffusion of 

sodium or boron compounds through the layer. Formation of surface films 

with strongly changing compositions relativa to the parent glass is 

enhanced by the water vapor content of the furnace atmosphere. 

The volatilization rate of boron and sodium components from borosilicate 

glassas decreasas considerably at increasing silica contente and 

decreasing sodium contente. An increase of the melting tempersture with 

50 K increases the total vaporization rate of borosilicate glassas with 

equivalent boron and sodium concentrations, with a factor 2. For high 

9203 -concentrations relativa to Na20-concentrations, vaporization of 

boron componentsas HB~ is expected, according to Wenzei e~ al [23]. 

c. Classes with fluorides 

Fluorine containing components are somatimes added to the glass batch to 

accelerate the melting process and to decrease the viscosity of the glass 

melt. Fluorides are also applied as opacifying agents for opal glasses. 

The scattering particles in these glasses are often NaF, B~F2 or CaF2 • 

The fluoride ratention factor in opal glassas varies from 50% to 70~, as 

determined by Parkeretal [26]. The volatilization of fluorides is 

obvious and this not only increases fluoride concentrations in the 

exhaust gases but also silicium and sodium concentrations fncrease, due 

to reactions (1.17) to (1.20). 

SiF4 (glass) + SiF4 (g) (1.17) 

-26-



su· .. (g) + 2H20 + 4Hf + Si02 (particles) (1.18) 

Naf (glass) + Naf (g) (1.19) 

Nar (glass) + H20 + NaOH (g) + HF (g) ( 1 .20) 

The vaporization rate of sodium fluorides' and silicium fluorides at 

temperatures below 1300 K is mainly determined by the diffusion in the 

glass through a rather thick surface layer. 

However, at higher melting temperatures this surface layer is mixed with 

the parent glass due to surface tension gradients and density gradients. 

This enhances the vaporization rates of fluorine containing species from 

industrial glass melts. 

However, sodium fluorides as impurities in the raw materials may also 

vaporize from the batch material. Fluoride emissions from glass melts 

containing 1 weight-~ fluorides may exceed values of 400 volume ppm in 

the exhaust gases. According to Scholzeet al [26], reaction (1.20) has 

been proven to be the vaporization determining step. Rather high silicium 

oxide concentrations in the dust of the exhaust gases from fluoride rich 

glassmelting furnaces are expected due to reaction (1.18). 

d. Lead glasses 

Matousek et al (27] investigated vaporization of potassium and sodium 

containing components from N~O - K20 - PbO - Si02 glass melts with 

different compositions. 

However, their experiments were eerried out in a Knudsen effusion cell; 

the influence of the composition of the gaseous atmosphere was not under 

investigation. From their results Matousek concluded that alemental 

sodium and potasslum evaporates at temperatures above 1200 K. Lead oxides 

vaporize from glass melts in vacuum especially above 1300 K. 

In practica water vapor enhances vaporization of alkali components from 

alkali-lead glasses. Conredt [19] has shown the influènce of the water 

vapor on lead vaporization from lead glass melts in experiments eerried 

out under conditions that resemble the practical situation. 
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from his experiments Conradt expected that lead oxides or lead hydroxides 

are the predominant constituents of the vapor phase above the glass melt 

of a 15 K20 • 25 PbO • 60 Si02 glass melt in a water containing 

atmosphere. Matousek and Hlavac [ 27] studied the volatilizat'ion mechanism 

of a 24% PbO glass in a nitrogen atmosphere. 

The vaporization rates are determined by the diffusion of PbO through the 
' melt and the vaporization at the surface. The glass under study contained 

also 10 weight-% K2 0 and 4.5 weight-% N~O. More than 90% of the 

volatilized matter consisted of lead oxides. 
The addition of water to the atmosphere enhanced the lead oxide 

vaporization and lead oxide impoverishment of the glass surface. In 

industrial lead glass furnaces volatilization from lead oxides is mainly 

controlled by the diffusion in the glass melt. The retention factor for 

the added lead oxides in the glass is approximately 95% in industrial 

glass furnaces. 

1.1.2., Conclusions 

The vaporization mechanisme in industrial glass melting furnaces depend 

primarily on the glasa composition and the composition of the furnace 

atmosphere. Water vapor increaaes alkali vaporization from soda-lime and 

alkali lead glasses, and alao enhancea the vaporization of lead 

components. Vaporization of sodium-borosilicate melts is hardly increased 

by water vapor in the atmosphere. Sulphur oxides in the furnace 

atmosphere are of minor importsnee for the vaporization of ~!kali 

components from commercial glass compositions. Reactions with 

constituents of the furnace atmosphere at the glass surface may enhance 

or reduce volatilization processes. 

The vaporization rates are partly controlled by the diffusion of sodium 

oxide in the glass melt of soda-lime glasses in industrial furnaces. This 

di ffusion limited vaporization is of major importsnee for bOrosilicate 

glasses and rather important for lead oxide vaporization from lead oxide 

glasses. fluorides are generally very volatile in opal glass melts. 
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1. 1. J Heat exchanging devices in the glass industry 

The total heat input in the glass melting furnace via fossil fuels is 

normally reduced by the use of heat regenerating or heat recuperating 

systems. Cambustion air is preheated by the hot exhaust gases lesving the 

cambustion chamber of the furnace. Heat exchanging efficiencies up to 40% 

have been achieved by the use of metallic radietion recuperators and 

up to 70% in regenerative systems. 

The furnace design is strongly dependent on the heat exchanger type. In 

this paragraph a description of the different heat exchanging devices is 

given as a base for the study of the condensation and the depaaition 

behaviour in exhaust gas channels. 

1.1.3.1 Regenerative systems 

Regenerators are commonly used in the glass industry. A regenerative 

glass furnace is always equipped with two regenerators, a regenerator is 

normally divided into chambers. The incoming cambustion air passes 

through one regenerator filled with hot refractory bricks and is heated 

up to 1400 K to 1600 K. This air is then introduced to the cambustion 

chamber of the furnace where it is mixed with the fuel. 

Two types of regenerative furnace systems are schematically presented in 

figures 1.1 and 1.2b. The regenerator of a aide-port fired furnace 

generally consiste of J to 8 chambers, each chamber has been connected to 

the furnace by a port. A lattice of refractory bricks in a regenerator 

chamber is heated by the exhaust gases and subsequently cooled by the 

cambustion air. 

The tempersture of the exhaust gas at the regenerator entry is 1650 to 

1850 K. Thetemperature and maas flow of the exhaust gases in the 

chambers near the hot spot location of the furnaces are higher than in 

the other parts of the regenerator. 

In the regenerator the exhaust gases are caoled down to 700 K - 850 K. 

Figure 1.7 shows the tempersture distribution of the exhaust gas, the air 

and the bricks of a regenerator. 
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rigure 1.7: Distribution of the temperatures of the exhaust gas, 
combustion air and checker bricks in the exhaust gas 

flow direction of the regenerator [ 1]. 

According to results of mathematica! calculations the tempersture 

varlation of the exhaust gas during the regenerator heating period at a 
eertsin location is approximately 25 K to 35 K [1, 28, 29]. The same 

difference of the local air tempersture of 25 K to 35 K is calculated 

between the beginning and the end of the air preheat period. According to 

Barklage-Hilgefort [ 29] the local tempersture differences between air and 

the surface of the brick is 100 K to 350 K. Tempersture differences 
between the local exhaust gas and brick surface are considerably lower: 

approximately 30 K to 100 K. 

The relatively low tempersture differences between the brick surface and 

the local exhaust gas temperatures are a result of the heat exchange 

coefficient between exhaust gas and brick being higher than those between 
the·brick and the air. The tempersture variations in a regenerator brick 

are dependent on the thickness of the brick, the heat capscity and heat 

conductivity of the brick. 

The tempersture difference between the surface and the centre of the 

brick varles between 20 K and 40 K in most cases. The mean heat transfer 

rate of a regenerator system mainly depends on: 

- regenerator volume 
- total heat exchanging area 

- heat conductivity and capscity of the refractorles 

- geometry of the checker 
- geometry of the bricks. 
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The different types of regenerator checkers commonly used in the glass 
industry are given in figure 1.8. 

Basket Weave Pigeon Hole Chimney block packing 

figure 1.8: Different regenerator packings for.the glass industry [30]. 

The passage-width in the checker work varies from 100 x 100 mm to 200 x 

200 mm, but may also be rectangular. The exhaust gas veloeities and 

cambustion air veloeities for a typical glass furnace regenerator are 
0.4 to 1 mo/s (1013 mbar, 295 K). 

The flow conditions (characterized by the Reynolds number) determine the 

heat transfer in the regenerator, see figure 1.9. 

Nu "' 

1 t---~ ---;;; ~ 
2~ ~ 

1. chimney packing 

2. pigeon hole setting 
111 J "' 

3. open basket weave packing 

figure 1.9: The dimensionless presentstion of the heat transfer from the 

exhaust gas to the air by the checker work as function of 
Reynolds [ 31]. 
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The increase in the Nusselt number is approximately proportional to the 
increase in the Reynolds number for the gas flow in the regenerator 

channels, relation (1.22). The Nusselt and the Reynolds number are 

related to the hydraulic diameter of the passages. 

Nu = A + 8 • Re (1.22)* 

*In a more correct approach the Reynolds number is given by (1.22a): 

Re = Ref + a • 
Gr 

where: 

Ref = Reynolds number based on the gas velocity. 

Gr = Grashof number 

a = emperical factor, 

(1.22a) 

A detailed description for the Nusselt number as a function of the flow 

characteristics is given by Gramatte et al [31]. 

The same approach may be used for the description of the dimensionless 

Sherwood number for mass transport: 

Sh = A' + 8' • Re ( 1. 23) 

The.factors A, A', 8 and 8' depend mainly on the geometry of the checker 

work. The Reynolds numbers for regenerator situations vary from 1000 to 

5000. The Nusselt number varies from 10 to 30. Deposition of material 

condeneed from the exhaust gases of the glass furnaces results in a 

decreasing heat transfer. 

According to Trier [1] the thermal efficiency of a regenerator will 

decrease anually by 2 to 4%, by depaaition of aalt components from the 

exhaust gases. 
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1.1.3.2 Recupe~ive syste.s 

Glass furnaces with glass melting capacities lower than 100 tons/day are 
often equipped with a recuperator. A recuperative furnace is continuously 

fired, the exhaust gases preheat the cambustion air in mostly metallic 

recuperators. 
The air preheat temperatures are limited by the rnaximum admissible metal 

temperature. The exhaust gases and the cambustion air are separated by a 

metallic pipe or tube. One recuperator type is presented by figure 1.10. 

air 
outlet 

air 
inlet 

Figure 1.10: Radiaton recuperator. 

The recuperator is often a double-wall tube with an inner diameter of 

0.5- 1.0 m. The exhaust gases flow through the inner tube and the 

cambustion air passes the space between the inner and outer tube in 

counter flow or in the same direction as the exhaust gas flow. 

The heat transfer from the hot exhaust gas is partly radiative and partly 

convective, depending on exhaust gas tempersture and exhaust gas 

velocity. Exhaust gases are cooled from 1450 K - 1600 K to 1000 K - 1150 
K and the air is preheated to 850 K - 1100 K. 
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The flue gas veloeities in the recuperator vary from 1 to 3 mn/s (1013 
mbar, 295 K). The heat transfer may slightly deeresse during the furnace 
campaign, eaueed by depaaition of exhaust gas condensates. 

1.1.4.} Naste heat boilers 

Glass producers may aften require steam for secondary manufacturing 
processes. Exhaust gases from regenerators but particularly f;rom 

recuperators contain large amounts of sensible heat. 

However, recovery of this heat by means of steam or warm water generation 
in heat exchangers may be troublesome because of fouling and corrosion of 

the heat exchanger materials by the exhaust gases. rigure 1.11 shows a 

waste heat reboiler system behind a recuperative furnace. 

rigure 1.11: Waste heat boiler behind a recuperator, Kölsch [33]. 

The corrosion of waste heat boilers below the dew point of the acids in 

the exhaust gases of oil-fired furnaces may be a severe problem and 

limits the heat exchanger tempersture to values above 450 K. 
Waste boiler systems·are described in detail intherelevant literature 
[ 32, 33, 34]. 
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1.2 Exhaust gas emissions from the glass industry 

1.2.1 Introduetion 

The exhaust gases consist of cambustion products, air components, 

volatilized matter from the melt end batch carry-over materie!. Dust 

formation of condensed matter from the exhaust gas constituents results 

in emission of solid particles at steek gas temperatures between 500 K 

and 700 K. This dust may contain hazardous components like lead, boron or 

fluorides depending on glass end batch composition. Gaseous constituents 

from the steek of gless furneces may be: 

- nitrogen oxides; 

- sulphur oxides; 

- chloric acid; 

- boric acid; 

- fluoric acid. 

These components are harmful for vegetation, animals and human life 

because they accumulate in the ambient air end in the soil. However, the 

glass industry is a minor pollutant as compared to power plants, steel 

industries, chemica! industries, oil refineries and automobiles. 

The chemica! elements in the exhaust gases, with the exclusion of the 

cambustion products have been given by table 1.5 of section 1.1.3. 

1.2.2 Gaseaus emissions from glass melting furnaces 

Nitrogen oxides 

The cambustion of fossil fuels in the glass melting furnace is a high 

tempersture process, flame temperatures of 2000 K are common in the 

cambustion chamber. These high temperatures cause formation of nitrogen 

oxides in the flame, see paragraph 1.1.1.4. The nitrogen oxide compounds 

are mainly NO and minor amounts of N02. Kircher [13] has measured 

nitrogen oxide concentrations in the exhaust gases of different glass 

melting furnaces, see figure 1.12. 

Denitrification of the stack gases is possible by injection of ammonia 

and hydragen in the exhaust gases at temperatures of 950 K - 1200 K, 

resetion (1.24): 
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Catalytic denitrification processas were recently developed for 

temperatures of approximately 600 K. 

Sulphur oxides 

(1.24) 

The presence of sulphur oxides in the exhaust gases of glass furnaces is 

caused either by dissociation of the sulphates in the glass melt or the 

cambustion of sulphur containing fuels. 

At high temperatures, above 1100 K sulphur dioxide is the most stable 

sulphur containing component. Sulphur trioxide is produced in the flame 

as a metastable compound, but the dissociation into sulphur dioxide and 

oxygen is a rather slowly proceeding process (see section 1.1.1.5). 

Below 1100 K sulphur oxides react with: 

alkali hydroxides, lead oxides or other inorganic compounds resulting in 

formation of sulphates. The remeinder may reset with oxygen to 

sulphur trioxide, but normally only 5% - 10% of the sulphur oxides in the 

stack gases consiste of sulphur trioxide. This sulphur trio~ide reacts 

with water at temperatures between 400 K and 500 K resulting in formation 

of the corrosive sulphuric acid. High concentrations of gaseous sulphur 

compounds have been measured in exhausts of oil-fired furnaees. 

Chloric acid 

The emission of gaseous chloride components rarely exceeds concentrations 

of 40 volume-ppm. Sodium chloride is an impurity in synthet~c soda ash or 

is added to the glass melt as refining agent. Condensation of alkali 

chloride compounds from exhaust gases only takes place in cases where the 

amounts of sulphur oxides are insufficient to convert all the alkali 

containing species into sulphates. 

This is not the case for most glass melting furnaces. The main part of 

the chlorides vaporized from the batch or the melt is conv~rted into 

chloric acid (HCl) and in that form emitted from the stack. 

Fluoric acid 

Fluoric acid may cause severe damages to the health of vegetation, animal 

life and human life. Fluoride containing components like CaF2 improve the 

melting rate and lower the viscosity of the melt. 
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These components are very volatile and ratention factors vary from 0.5 to 
0.7, in for instanee opal glass melts, as mentioned previously. 

Fluorins containing components are converted mainly to HF, in these steek 

gases. 

Boric acid 

The vaporised boron compounds, NaB~ or HB~ are converted to condeneed 

phases of NaBQ2 and Na2B407. The non-condeneed baron is present in the 

stack gas as boric acid (~BOs ) • The concentrat i ons of H3 BOs in the stack 

gases vary from 0 to 200 volume ppm. 

1.2.3 Dust formation and emission fraa the stack of glsss melting 

furnaces 

Batch carry-over particles or liquid dropiets partly remsin in the 

regenerator or recuperator but the largest amount is tranported to the 

chimney by the exhaust gases. These particles mainly exist of silica 

dust, alumina, feldspar and limestone. 

However, condensation of gaseous compounds is the major cause of dust 

formation, resulting in emission of alkali sulphates, alkali borates, 

lead oxides, or other particulate matter. 

Lead, fluorine and boron containing dust may be hazardous for the 
environment and the emission of these components has to be limited by use 

of filter installations. 

The most important solid components in non-filtered stack gases of 

several glass furnaces are listed in table 1.7. The lead glass furnace 

produces glass of the following composition (in weight-%): 

48 Si~ - 35 PbO - 10 K20 - 2 CaO - 2 Ns:zO - 3 A121Js 
The composition of the sodium borosilicate glass is approximately: 

66 SiO - 14 Ns:z 0 - 2 K2 0 - 3 Al2 IJs - 6 !3:2 IJs - 7 Cao 

The values given in this table are rough estimates from the studied 

literature or from own measurements. 

Alkali, lead, silicium and calcium components exist only as small 

particles or dust in the steek gases of the furnaces. The emission of 

dust particles is mainly caused by vaporization of sodium or lead 

components from the glassmelt as described in 1.1.2. 
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Table 1.7: Dust emission from glass furnaces in mg/m~ (based on 8 vol.% 

D.2 in stack gas). 

oil-fired gas-fired gas-fired oil fired gas-fired 

container container flat glass lead glass borosilicate 

glass [ 14] glass [14] glass [J6] 

I 

N825Ü!t 140 180 100 nihil < 100 

NaHSllt 140 J - - -

Na Cl - - 20 - -
! 

K2 SÛ!t 5 5 100 100 20 

PbO - - - JOO -

Pb SQ. - - - 1500 -
NaB~ - - - - 1000 

NB;2 B~tllt - - - - 500 

CaSQ. 20 20 20 - I 10 

Al2 03 nihil nihil 5 nihil nihil 

Si~ nihil nihil 5 nihil nihil 

The size of sodium sulphate particles varies from 0.05 ~m to 20 ~m. 

Reduction of particulate emissions is possible by: 

- Changes in melting behaviour, a tempersture increase of 50 K 

corresponds with a JO% higher dust emission from soda lime furnaces. 
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- Batch pretreatment, like agglomeration of raw materials by means of 
pelletizing may reduce the entreinment of fines in the exhaust gases. 

- Filtering processes, separating a large amount of the dust, mainly the 

course fraction, from the exhaust gases. 

- The use of leas volatile glass constituents, particularly in case of 

hazardous evaporating compounds. 

1.2.4 Filter installations 

Regulations to proteet the environment of glass factories, have promoted 

the instellation of dust filtering devices. The use of installations to 

separate hazardous gaseous components from flue gases is only 

occasionally applied in the glass industry. Below, a short description is 

given of several filter installations applied in the glass industry. 

- Electrostetic filters 

Particulate matter is electrically charged by a cathode. The positively 

charged particles are deposited on negatively charged plates, separating 

the dust stream from the exhaust gas. 

The advantage is the small pressure loss of the exhaust gas by passing 

the electrostetic precipitator end the high permittabla gas temperatures 

till 650 K. A disadvantage is the bad performance for poorly electrically 
conductive dust, (Noll [35]) and the electricity consumption of this 

installation. 

- Cyclones 

The separation of course particles may be eerried out by the use of 

cyclones, well known for industrie! applications. The disadvantage of 

such a system is the low separation efficiency for fine particles. 

- Filtering by fabrics 

The use of fabrics to separate particles from the exhaust gases is 

limited to cases of dry, non-sticking dust. The maximum tempersture for 

which this method may be applied is 450 K. The separation efficiency for 

dust from soda lime glassas varies from 99.5 to 99.8%. In spite of this 

high efficiency, blockage and the pressure drop over the filter reduce 

the application possibilities of these filters in the glass industry. 
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NOMENCLATURE CHAPTER 1 

Si 
a 

A 

A' 

A 

A 

B 

B 

B' 
Ce 

Co 

D 

IJ) 

do 
E 

F 

G 

h 

Gr 

Hr 

kl' k2 

Lf 
k 

Mi 
Nu· 

Pi 

Re 

Re' 

Sh 

Tr 

Tm 
T 

X i 

Yi 
Zi 

weight fraction of element in the cambustion air 

empirica! factor in relation 1.22a 

empirica! factor in relation 1.22 

empirica! factor in relation 1.23 

surface area of radiation (nf) relation 1.2 

cambustion air input (kg/hr) relation 1.8 

batch input (kg/hr) 

emperical factor in relation 1.22 

emperical factor in relation 1.23 

concentration of fuel at stoechiometric m1x1ng point (kg/m3 ) 

concentration of fuel at injection point (kg/m3) 

characteristic length or diameter (m) 

diffusivity (,J. /s) 

nozzle diameter (m) 

exhaust gas flow (kg/hr) 

fuel input (kg/hr) 

glass output (kg/hr) 

Planck's constant (= 6.62.10-34 J.s) 

Grashof number 
heat of direct radiation from the flame (W) 

resetion rate coefficients (s-1 or m3.mol-1 s-1) 

total flame length (m) 

mass transfer coefficient (m.s-1 ) 

molecular mass of element i (kg/mol) 

Nusselt number (aD/>..) 

partial pressure of element i in the exhaust gas (atm.) 

Reynolds number on basis of gas velocity (v.p.D/~) 

Reynolds number defined by relation 1.22a 

Sherwood number (k.D/') 

absolute flame tempersture (K) 

glass melt or batch tempersture (K) 

tempersture (K) 

weight fraction of element i in the batch 

weight fraction of i in the produced glass 
weight fraction of element i in the fuel 
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Greek s}'llbols 

V 

e: 

p 

Po 

Pc 

11 

heat transfer coefficient (w.m-2 .K-1) 

heat conduct i vity (W m-1 K-1 ) 

frequency of light or radietion (s-1) 

Stefan Boltzmann's constant 5.6703 10-8 W.m-2 K-4 
emisaivity of the combuation system 

fluid density (kg/rrf) 

fuel denaity at injection point (kg/m3) 

density of cambustion air (kg/m3) 

dynamic viscosity (kg.m-1.s-1 ) 
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2. LITERATLIRE SURVEY OF THEIDIDYNAMIC PARAHETERS AN> MASS IRANSPORT 

PROCESSES IN EXHAUST CASES OF GLASS FURNACES 

Z. 1 Introduetion 

During the cooling of the exhaust gases doped with glass melt volatiles, 

various chemica! reactions take place. The nature of these gaseaus 

reactions mainly depende on the elemental composition of the gaseaus 

phase. The tempersture dependenee of the thermadynamie functions of the 

constituting flue gas components leads to conversions in the gaseaus 

phase or to condensation processes at decreasing temperatures. In most 

cases the conversions praeeed very quickly especially at high exhaust gas 

temperatures. For that reason it may be assumed that the exhaust gas 

composition jn recuperators or regenerators approaches the equilibrium 

situation for most locations. 

However, in the boundary layers of submerged obstacles or inner walls, 

tempersture gradients may be so high that the conversions are limited by 

resetion kinetic aspects. 

The heat of the exhaust gases is transported through these boundary 

layers towards the surface of regenerator bricks or the recuperator 

walls. Concentratien gradients over the boundary layer result in 

diffusional transport processes, transferring gaseaus molecules and very 

smal! particles, towards these surfaces. The accumulation of the 

transported molecules leads to saturation of eertsin vapors resulting in 

depaaition at the heat exchanging surfaces. 

The deposition rates for the condeneed salt components are generally 

dependent on mass transport rates for salt constituting elements through 

the boundary layers. The most important chemica! reactions involved in 

the exhaust gases are presented in this chapter for several glass furnace 

types or glass compositions. The evalustion of these reactions has been 

based on analytica! measurements, thermadynamie considerations and 

experimental observations. 

Condensation and depaaition of salt or metal oxide components from flue 

gases has been evaluated on the basis of literature data. Attention has 

been paid to the literature on the analytica! procedures to determine 
~ 

exhaust gas compositions in various cambustion systems. 
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2.2 Evalustion of reactions in glass melter atmosphere and exhaust gases 

This paragraph deals with the reactions occurring in the cooling exhaust 

gases of several glass furnaces. The next section is divided into seven 

parts, each part describing the reactions for a specific case. 

2.2.1 Flue gases with sulphur, chloride and sodium compounds 

The chemica! reactions in flue gases of a natural gas fired flat glass 

furnace have been studied by Kirkbride [1] on a thermadynamie basis. The 

most important components in the furnace atmosphere are listed in table 

2.1 • 

Table 2.1: Chemical componentsin furnace atmosphere of a gas-fired 

flat glass furnace. 

sodium components 

chloride components 

sulphur components 

* indicates the major component. 

Na, NaCl, NaOH* 

HCl, NaCl* 

s~ *, so3 

Kirkbride neglected the element sodium as a gaseaus component in the 

furnace atmosphere. However, in spite of the oxidizing circumstances in 

the cambustion chamber, sodium gas is a relatively important constituent 

of the gas phase above 1500 K. The reactions between gaseaus components 

that take place during the cooling process are given below. 

NaOH + HCl :t: NaCl + H2 0 (2 .1) 

2NaOH + S~ + 1/2 02 :t: NB:l S(\ + ~ 0 (2.2) 

(2.3) 
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2NaOH t (NaOHh 

* all components in the gaseaus phase. 

Reaction number 2 proceeds to the right at decreasing temperatures, 

reauiting in increasing sodium sulphate concentrations. The scheme 

presents only the equilibrium reactions, the reaction mechanisms for 

these conversions are generally very complex. 

(2.4) 

(2.5) 

(2.6) 

For example, sodium sulphate may be formed from reactions of sodium 

chlorides with sulphur oxides, or from reactions of sodium hydroxides 

with sulphur oxides. Possible reaction mechanisms for sodium sulphate 

formation have been proposed by Durie et al [2] (mechanism 1) and Mulcahy 

in ref. [ 3] (mechaniam 11 and 111). 

Mechanism 1 (ref. [2]): 

NaOH + 502 + NaS~ + OH 

NaSD2 + NaOH + N~ S~ + H 

N~S~ + 1/2 ~ + Na2so .. 

Mechanism !1 (ref. [ 3] ) : 

NaOH + 5D2 + NaHS03 

NaHSD3 + NaOH + N~ 503 + ~ 0 

N82 503 + 1 /2 D2 + Na2 50~t 

Mechanism 111 .(ref. [3] ): 

5{}z + 0 + M + S03 + M 

SÜ3 + NaOH + NaHS(\ 
NaH5(\ + NaOH 

Fryburg et al ( 4] have indicated the possibility of NaS{}z and Na5~ 

formation as precursors of sodium sulphate in flames. 
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The resetion schema presenled by reaelions (2.1) to (2.6) is sufficient 
to calculate the thermadynamie equilibrium compositions for the most 

important components in the gaseaus phase. 

At temperatures below 1350 K, condensation of sodium sulphate may take 

place as a result of increasing sodium sulphate concentrations in the 

gaseaus phase during cooling. In sulphur lean flue gases, sodium 

chloride or sodium carbonale may condense. 

In sulphur rich flue gases, pyrosulphates, bisulphates or sulphuric acid 

may be formed below 600 K [ 5] • 

N~ SQ. (a)* + S~ + H20 t 2NaHSQ. (s) (2. 7) 

* (1) indicetea the liquid state 

(s) indicetea the solid state 

2.2.2 Flue gases with sulphur, chlorides, potassium and sodium 

flue gases from container glass or flat glass furnaces may contain 

potassium in addition to sodium. Although potassium oxide is a minor 

component in these glass melts as compared to sodium oxide, potassium 

components are generally more volatile than sodium components. The most 

important equilibrium reaelions in the flue gases are reaelions (2.1) 

to (2.6) and: 

KOH + HCl + KC! + H20 (2. 10) 

(2.11) 

(2 .12) 
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2KOH + 2K + H2 0 + 1/2 ~ (2.13) 

2KOH + (KOH)2 (2 .14) 

KOH + NaOH + S~ + 1/2 02 + KNaSOtt + ~ 0 (2 .15) 

* all reactions include only gaseaus components. 

The chemica! equilibrium reactions for the potassium camponerts in 
exhaust gases of glass furnaces are similar to the mentioned: reactions of 

sodium compounds in these atmospheres. The mixed alkali sulphate KNaSOtt 

is a depaaition product often found in regenerators. 

The potassium/sodium ratio in container glass furnace atmospheres rarely 

exceeds 10%. Potassium sulphate has a melting point of 1342 K, and the 

formation of liquid potassium sulphate deposits is mostly ex~luded in 

exhaust gases of glass furnaces. Potassium hydroxide is the main 

potassium containing component at temperatures above 1300 K and sulphur 

dioxide is the most important sulphur component at these temperatures. 

The mechanisms of the reactions for the formation of potassium sulphates 

from potassium hydroxide (or potassium chloride) and sulphur dioxide are 

poorly understood. Judging from the similarity between the pbtassium and 

sodium behaviour in exhaust gases, the mechanism of potassium sulphate 

formation may be analogous to sodium sulphate formation. 

At low temperatures, formation of KHS~ or K2s2o7 in the condensed state 

may take place in sulphur rich. stack gases. 

2.2.} Flue gases with sodita9 calcita, sulphur and chlorides 

Exhaust gases from soda-lime glasses contain minor amounts of calcium 

oxide dust entrained in the furnace gases from the batch. However, these 

very low concentrations of calcium components in the flue g~ses hardly 

influence the chemica! behaviour as mentioned in 2.2.1. 

In oil-fired glass tanks the concentration of sulphur containing 

compounds may exceed the stoechiometric value relative to sodium for 

sodium sulphate formation. The excess of sulphur, mainly as sulphur 

dioxide may be converted, by injection of limestone dust, into calcium 
sulphate (gypsum). 
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Introduetion of calcium containing components results in reaelions like: 

CaO (s) t Ca + 1/2 O:z (2.16) 

(2.17) 

CaO (s) + SO:z + 1/2 O:z t CaSU. (s) (2.18) 

(s) indiceles the solid state, all other components are assumed to be 

gaseous. 

Reaction (2.18) and reaction (2.2) involve the conversion of sulphur 

oxides into solid material. This may preclude formation of sticky sodium 

bisulphates or sodium pyrosulphates below 600 K. 

The condensation of sulphuric acids below 450 K is also suppressed by 

addition of limestone in sulphur rich flue gases. 

2.2.4 Flue gases with sodiu. and boron 

From sodium-borosilicate glass melts, sodium metaborates volatilize in 

the glass furnace [6]. At temperatures above 1200 K, sodium metaborate, 

sodium tetrabarale and metaboric acid are the main baron containing 

components [ 7]. 
The sodium containing substances are sodium hydroxide, occasionally 

sodium chloride (in the presence of chlorine), and the two mentioned 

sodium borates. At lower temperatures HB02 may be converled into H3 B03 • 

The relevant reaelions are given in the next scheme: 

NaBO:z + H:2 0 : NaOH + HB02 (2 .19) 

2NaOH + 4HBO:z t N~ ~ ~ + 3H:2 0 (2.20) 

(2.21) 
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and according to Büchler et al [8]: 

2NaB02 + (NaBÛ2 h (2. 22) 

For completeness sake the following reactions may be postulated: 

(2.23) 

2HB02 + 1/2 ~ + 2802 + ~0 (2.24} 

* all reactions include only gaseaus components. 

However, reactions (2.23) and (2.24) are evidently of minor importsnee in 

oxidizing ar wet atmospheres. 

Addition of sulphur to these flue gases causes reactions between sodium 

and sulphur oxides as given in 2.2.1. No reactions between sulphur and 

baron compounds are to be expected in such flue gas composit~ons. On the 

basis of thermodynamica the formation of BCI3 ar other baron chloride 

combinatlans is nat expected. 

The main condensation products from flue gases only doped with baron and 

sodium co111ponents are NaBÛ2 and Na.z ~ ~ commonly as solid prioducts: 

NaB02 (g) + NaB02 (s) (2.25) 

Na.z ~ ~ (g) + Na_z a.~ (s) (2.26) 

2.2'.5 Flue gases With potassiUD, sulphur, boron and fluoridés 

E-glass melts contain low concentrations of alkali oxides but the 

presence of baron enhances the vaporization of the smal! amounts of 

alkali in the melt, according to Wenzei [6]. Potasslum metaborates 

preferably volatilize from E-glass melts due to the high chemica! 

activity of the metaborates in the melt and the high vapor pressure for 

KB02. Fluorides, which are sametimes added tothese glass melts (see 

paragraph 1.1.2) are very volatile and contribute to the emissions of 

these furnaces. 
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In this flue gas, equilibrium reactions (2.10) to (2.14) and the 
follawing reactions between gaseaus companents take place: 

KBÜ2 + H2 0 t KOH + HB02 

HF + KOH t KF + ~ 0 

(2.27) 

(2.28) 

(2.29) 

(2.30) 

(2.31) 

Fram thermadynamie calculations it is known that components like K2SiF6 , 

SiF4 and BF3 are instabie in flue gases with oxygen concentrations higher 

than 1.0 volume-%. 

Silicium fluorides vaporizing from fluoride containing glass melts react 

with water in the furnace atmosphere according to Scholzeet al [9]: 

(2.32) 

This resetion is only relevant for the volatilization process close ta 

the glass melt surface, and enhances the vaparization of fluorides. 

2.2.6 flue gases only doped with volatilized lead 

Lead, as shown in paragraph 1.1.2 vaporizes from lead glass melts as PbO 

or Pb(OH)2 • In case that no sulphur compounds are added to the raw 

material batch of a natura! gas fired lead glass furnace, lead oxide 

seems to be the most important component in the exhaust gases. The 

equilibrium reactions in flue gases of such furnaces are predaminantly: 

PbO + ~0 t Pb(OH)2 (2.33) 
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2Pb0! (PbOh (2.34) 

3Pb0 t (PbO)a (2.35) 

4Pb0 .t (Pb0)4 (2.36) 

5Pb0 + 
+ 

(Pb0)5 (2.37) 

6Pb0 .t (Pb0)6 (2.38) 

PbO + C02 t PbC~ (s) (2.39) 

The reactions (2.34) to (2.38) are polymerisation reactions as postulated 

by Drowart et al [10]. 

Deposition or eendensetion of lead compounds from these flue gases is 

mainly achieved by reactions (2.40) and (2,41). 

PbO + PbO (s) (2.40) 

3Pb0 + 1/2 02 + P~ 04 (s) (2.41) 

2.2.7 Flue gases with lead and sulphur 

Precipitated dust from oil-fired lead glass furnaces contains lead 

sulphate as the main condensation product. Lead sulphate is produced by 

reaction (2.42): 

PbO + S~ + 1/2 02 t PbSÜat (s) (2 .42) 

The formation of gaseous lead sulphates has not been studied as far as we 

know from the available literature sources. However, gaseous roetal 

sulphates are commonly minor components constituting the impuriti.es in 

the flue gases. 
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In our investigations combinations of condensed lead oxide and lead 
sulphate have been found in deposits of flue gases doped with sulphur and 

lead compounds, (see section 3.3): 

2Pb0 + 5~ + 1/2 02 t PbO • Pb5(\ (2.43) 

5Pb0 + 502 + 1/2 02 ! 4Pb0 • Pb50'+ (2.44) 

Thermadynamie calculations carried out in our studies, also indicate 

the conversion to 2Pb0 • Pb5(\ and 3Pb0 Pb50'+ : 

3Pb0 + 5~ + 1/2 02 t 2Pb0 • Pb5(\ (2.45) 

4Pb0 + 502 + 1/2 02 :t: 3Pb0 • Pb50'+ (2.46) 

2.3 Thermadynamie properties of flue gas components: 

Equilibrium Constants and Vapor Pressures 

In the previous section, paragraph 2.2 the most important reactions 

that may take place during cooling of exhaust gases from glass furnaces 

were presented. Assuming that the flue gases are always in equilibrium 

composition at the considered gas temperature, one can calculate the 

gaseaus composition making use of the equilibrium constants of the 

relevant reactions. 

The equilibrium constant is a function of the absolute tempersture and 

may be determined from the difference in Gibbs' Free Energy between 

reactants and products: 

KT = exp (- AG/RT) (2.47) 

For a reaction between gaseous components only: 
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b. p. + ••• 
J J 

where 

ai stoechiometric coefficient for reactant Ri 

bj stoechiometric coefficient for product Pj• 

AG = .x b . G . - X a. G. 
J J J 1 1 

Gj is Gibbs' Free Energy for one mole of gaseaus product j at a 

pressure of 1 atmosphere. 

Gi is Gibbs' Free Energy for one mole of gaseaus reactant i at a 

pressure of 1 atmosphere. 

The reaction between the equilibrium vapor pressures PRi or Ppj 

given in atmospheres, and Kr is given by formula (2.50): 

b. 
nj (P J) 

Kr = 
pj 

a. 
n. (P 1) 

1 R. 
1 

(2.48) 

(2.49) 

(2.50) 

In formula (2.50) the chemical activity has to be used instead of the 

partial preesure for condensed components in liquid or solid form, that 

may be included in the resetion equation. In case of a vapor-condensed 

phase equilibrium like: 

A (g) t A (s or l) (2.51) 

1 
KT = -- = exp -( 

Pj 

G - G 
A(s/1) A{g) 

R * T 
(2. 52) 
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~· Equilibriuo Conatanta or nue ga reaeti01111. 
ln Kr • A*T • B • C/T tenopcorature ranqe 600·1800 K. 

Reaetion ruober A e I c liter-.ture 
.... uonec~ in eourcee 
aection 2.2 i 

2.1 1.38 ,o-s -33.93 1.58 10" 11 

2.2 3.~ 1o-l -39.28 6.82 1d' 11, 12, 1) 

2.3 6.84 10..,J .)9,89 4.23 10" 11, 14 

2.4 1,4Q!i 10""' 15.65 -4,78 11f' 11 

2.5 7.08 10-" -20.26 2.72 10" 11 

2.6 1.87 10""' -11,49 1.19 11f' 11 

2.7 - - - no data available 

2.8 - - - no data available 
2,9 4.827 1o-l -35.427 2.08 1o" 11 

2,10 -4.15 1cr5 • 0.38S 1,S9 ;d' 11 

2.11 II.J%5 10"3 -J9.0S 6.989 1o" 11, 15, 16 

2.12 1.202 1o-2 -42,7112 3.:16 11f' 11' 17 

2.13 1.511 10-" 15.23 -4.83 . 10" 11 

2.111 7.63. 10""' -19.75 2.3A ut 11 

2.15 - - - no data available 

2.16 -5.27 10""' 25.57 . -9.72 1d' 11, 18 

2.11 -1.50 1o-l • 11.:16 -3.:u 10" 11, 19 
2.18 -4.55 1o-l -211,)8 5.21 1d' 11, 20 
2.19 -6.3511 ,o-s •15.669 -2.17 1o" 7 

2.20 8,9)A 1cr5 -65.08 1,229 1o5 8, 7 

2.21 3.25 1o-" -16.711 2.3011 1o" 11 

2.22 -3.97 1cr5 -13.53 2.66 11f' 8 

2.23 1.98 1cr5 0.6711 -6.35 101 11 

2.211 2.83 1o-" 9.6011 -3.82 11f' ,, 
2.25 4.97 10-' -19.82 3.67 10" 8 

2.26 1.18 1o-2 -115.1111 11,95 11f' 7, 11 

2.27 -1.67 1o-" - 1.028 -9,118 1ol 11' 21 
2.28 - - - no data evailable 
2.2.9 -4.87 10-' 15.32 -11.91 1ol 11, 21 

2.JO 9.63 1cr5 - 0,625 7,87 1ol 11 
2.)1 %.28 1o-2 64.86 5.17 1ol 11 

2.32 11,001 1o-" 10.789 -1.263 1o" 11 
2.)3 - - - no data available 
Z.JA -4.12 1cr5 -16,23 ),111 11f' 10 

2.35 -3.26 1o-l -'5.96 6.117 1o" 10 

2..:16 -1.119 1o-" ·511.22 1.0011 1o5 10 

2.37 -8.76 1o·5 -71.97 +1.28 10$ 10 
2,)8 -2.oos 1cr5 -91.188 +1.65 1o5 10 

2.39 -2.10 1o-l -31,13 3.68 1o" 22 
2.110 -4.73 1cr5 -16.01 3.0811 1d' 11, .10 

2.111 -1.81 10...2 -23.116 8.3A 1o" 10 

2.112 2.35 1o-" -47.81 '·'' 1d' 10 

2.113 7.75 1o-l -84.21 1.20 1o5 10 

2.44 8.113 1o..J -1JO·.~ 2.05 ,os 10 
2..115 -3.766 10-" -84.112 1.112. 105 i 10 

2..44 -1.66 1o..J -105.23 1.17 ,as I 10 
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where: 

* PJ = saturation preesure at tempersture T given in atmospheres 

= Boltzmann constant (8.31432 J/mol.K) R 

T = absolute tempersture (K). 

The equilibrium canstants as functions of the absolute temper~tu~e are 

given in table 2.1. These thermadynamie values have been calculated from 

data given in the literature. 

One of the assumptions of the thermadynamie equilibrium model for 

calculating exhaust gas campasitions is the restrietion that the vapor 

pressures may nat exceed the saturation values. Components that may 

condense from exhaust gases are listed in table 2.2. 

The relatians far the saturatian pressures dependent on tempersture are 

presented in this table for the components mentianed. 

Table 2.2: Vapar pressure - temperature relation, for exhaust gaa 

camponents. ln <Psaturation/atm) = A*T + B + C/T. 

C-t only A 8 c literalure 

--r gas aourcu 

110leculea 

NaCl -4,46 1~ :0.75 -2.90 10' 11 

Nel" -1.)2 10"' ZG.294 _,_ .. 10" 11 

Noo:!SO.. -4.94 1cr 26.3) -4.41 1D' 12,13 

NII',ICI!a -5.61 1o-' 9.1l6 -2.65 1D" 14 

~ -4,97 1o-' 19.819 -).67 10' 8 

NII',IS.Il, -4.525 1o-' J0.9o\2 -4,25J 1D" 7 

Ktl -l.117 10-l 20.934 -2.64 1o' 11 

KF' -2.)5 1o-' 19.0111 -2.72 1D" 11 

K8Clz -7.9) 1o-' 111.7111 -5.07 10' 21 

~a.!? - - - na data 

evailllble 

K2S0.. -2.1178 10-J 2).1118 -4.18 10" 16 

K2Cil1 -1.1) 1o-2 21.)11) -4.1) 1D" 11 

PbO 1.l8 1o-' 16.099 -).089 10" 10 

CaO -7.995 1G-' 21.268 -6.885 10" 18 

H,SO, .J.JZ 1o-' 26.7)8 -1.250 10" 11 

I+:SO.. -3.85 1o-' 15.9%9 -8.)) 10, 11 
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Figure 2.1: Saturation pressures of sodium salts. 

2.4 Condensation and deposition fr011 exhaust gases doped with inorganic 

COllipOnent a 

Condensation of saturated components in the gaseous phase may happen in 

the bulk gas phase resulting in dust formation. According to Bauer and 

Frurip [23] homogeneous nucleation of molecules in supersaturated gases 

takes place by initial formation of dimerst trimers etc. 

The released cellision energy has to be extracted from the activated 

n+i-mer by cellision with a third moleculet to avoid splitting up of the 

new formed polymer. This resetion model as postulated by Amdur and Hammes 

[24] is presented by: 
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activated complex (2.53) 

i + G t An+i + G stabilization reaction (2.54) 

where: 

An = n-mer of molecule A 

G = arbitrary gaseaus molecule. 

For low values of n+i, the activated complex is very instable, the 
initia! stages of nucleation praeeed very slowly. At high supersaturation 

values the formation of polymerisated molecules with high n~values is 

favoured and stabie nuclei are formed. 

Thus the homogeneaus nucleation process is accelerated by high 

supersaturation values where nuclei with n-values larger than ncritical 

are formed. The nuclei may grow further reauiting in the formation of 

dust particles. The complete description of this theory and the 

modelling of the involved kinatic processas is beyond the scope of these 

investigations. 

A.lthough homogeneaus nucleation may play a role in the condensation 

processas it is reasanabie to aasurne that in the exhaust gases from the 

melting furnace, heterogeneaus condensation processas are dqminant. 

This work has been focussed on the chemica! equilibrium reactions in the 
main gas flow and on the depaaition of aalt components from flue gases in 

regenerators or recuperators. 

Depaaition in the heat exchanging systems occurs at the inner walls of 

recuperators or at the surface of the bricks constituting the checker 

works of regenerators. The depaaition rates are determined by the 

transport rates of gaseaus material through the boundary layers at the 

depaaition surfaces, reauiting in supersaturated salt vapors near these 

surfaces. Brown [25] made the supposition that condensation processas 

within the boundary layer reduce depaaition of sodium sulphate from 

exhaust gases doped with sulphur and sodium containing species. 

-60-



Jackson and Duffin [26) studied the depaaition of sodium chloride from 

flue gases on surfaces below 1300 K. No deposits from gases doped with 

170 mgr/m3 sodium chloride were found above 980 K. The depaaition of 
n 

sodium chloride increased at surface temperatures decreasing from 980 K 

to 850 K, below 850 K the depaaition rates remained constant according to 

Jackson et al. 

From Jackson's laboratory investigations it was concluded that the 

deposition rate is approximately proportional to the dopant concentratien 

in the flue gas. The oxygen concentrations in these flue gases had only a 

very slight effect on the depaaition behaviour of sodium chloride. 

The measured dew point increased from 910 K for a 34 mgr/m~ doped flue 

gas to 1038 K for a flue gas with 1700 mgr/~n sodium chloride. 

Jackson and Duffin found higher dew point temperatures for flue gases 

doped with the same amount of sodium sulphate instead of sodium chloride. 

However, at low temperatures (below 900 K) sodium sulphate depaaition 

rates were considerably lower than sodium chloride deposition rates for 

similar conditions. 

Raask [ 27] studied depaaition of sodium chloride and sodium sulphate (and 

also potassium sulphate) deposited at surface temperatures below 1150 K. 

The exact flue gas campaaition is not given in Raask's paper. 

Condensate depaaition from cambustion gases has been studied intensively 

by Rosner and co-workers [JO- 33). These investigators postulated 

relations describing the diffusional molecular transport of chemica! 

species through gaseaus boundary layers, preceeding the condensation at 

the surface. 

They distinguished between situations where only gaseaus components are 

transported through the boundary layer and situations where also 

particles are transported to the surface. 

For particles containing leas monomer units than a certain value n* the 

particles behave like heavy molecules. T~e formation of these small 

particles reduces the depaaition rate for this componènt. For partiele 

sizes larger than n**, all the upstreem particles within the projected 

region of the obstacle or target in the flue gas flow, will be caught by 

the surface and may adhere there, causing increasing depaaition rates. 

The depaaition rates for these particles are proportional to ~ (Re : 

Reynolds number). 
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The effect of partiele size on depaaition behaviour is presented in 
figure 2.3 from Rosner et al [32]. 

t 
~ I 

MONOMER UIIIITS/PARTICLE ---lil" 

. 
mg -- deposition rate 
ffil g-mer/deposition 

rate, monomer 

Figure 2.3: Changing depaaition rates for single sized particles as a 

function of monomer units per particle. 

The theoretica! description of the proposed boundary layer model by 

Rosner is presented in chapter 4 of this thesis. The investigations of 

Rosner and co-workers clearly ahawed that the depaaition rates depend on 

the Sherwood number for the flow conditions near the depaaition surface 

and the diffusional parameters like the molecular diffusivit!y Di and 

thermophoretic diffusivity ai. 

Depaaition rates are roughly proportional to the square root of the gas 

velocity and proportional to the diffusion coefficients. High tempersture 

differences between locations near the surface and in the host gas flow 

cause steep concentratien gradients across the boundary lay~r and so 

increase the driving force for diffusional mass transport. 

Sodium sulphate is the most important depaaition product from exhaust 

gases of glass furnaces. According to Kohl et al [33] in this case the 

transported molecules are sodium, sodium hydroxide, sodium sulphate, 

sodium chloride and sulphur dioxide. 

Kohl measured sodium sulphate dew points of 1260 K for a flue gas doped 

with 11.3 ppm sea salt (69% NaCl and 11.5% NS2S04 ). The oxygen and water 

vapor concentrations in their flue gases were respectively 6.6 and 10 

volume~·%. Deposi ti on studies for alkali borates or lead compounds are not 

known from the available literature. 

-62-



2.5 Analytica! procedures for measure.ents of gaseous components in the 

exhaust of glass melting furnaces 

Literature data for the gaseaus composition of the exhaust of glass 

furnaces at elevated temperatures are very rare. Up to now, na accurate 

procedure has been developed for the chemica! analysis of flue gas 

compositions in regenerators, recuperators or furnace atmospheres. On 

laboratory scale a methad has been developed to investigate the chemica! 

composition of simulated flue gases by means of mass spectrometric 

techniques. A rough indication of the alemental campaaition of condensing 

flue gas components in the furnace atmosphere can be obtained by chemica! 

analysis of condensation products collected on a water caoled paddle. 

In this section further attention has been paid to the literature on the 

analysis of furnace atmospheres or simulated flue gas compositions. 

2.5.1 Depaaition on water caoled paddies in hot exhaust gases 

The collection of condensing materials on water caoled paddies in the 

regenerator ports of soda-lime glass furnaces was done by Busby and 

Sengelow [ 34] • Although this methad may gi ve in formation on the 

vaporization of alkali, sulphur, chlorine ar other volatiles from the 

melt, na data can be obtained to calculate the absolute values of vapor 

pressures for these components. Table 2.4 presents the results of the 

measurements performed by Busby and Sengelow. 

-63-



Table 2.4: Chemica! analysis of water cooled paddle deposits from 

different ports of a regenerative side port furnace with oil 

firing, from reference [ 34]. 

Glass: Soda-lime glass. 

Condensare carryorer analyses (samplesjromfirst or end ports) 

FMrtiUKt 

A B c E ,. G H J " L M 

H,O io batcb ~~~ 2-8 l-1 1-3 2-3 2·2 3-2 3-0 +4 2-l 2-l l-1 1-6 
Cvryom (al24 h) 3-3 .j.O H 2·7 I· I H 5-1 8-9 1-7 12-ó 2-7 7-1 
GIUl meiled 1!124 hl 114 :131 124 27-S 74-9 227-S 27S 167 70 105-S 114 124 
F,..l Oü Oil Gu Gos Oil Oil Oil Oü Oü Oü oa Ou 
Aulysit or catTJo .. r (wt YJ 

so, 49-5 53-3 36-2 4H 45-8 48-7 45-4 41-6 51-3 44-9 5""2 38-9 
Na,o 30.9 36-4 27-5 23-1 ).j-0 SG-4 29-6 22·8 33-4 34.0 ló-6 3().3 
K10 l-4 'l-5 2>4 2·1 3-7 3-4 H 4·2 H 3-4 1·1 1-l 

FdO' 0.4 0.3 0.2 0.6 ().4 0.2 0.2 ().4 0.3 0.5 0.2 0.3 
Si I 10.1 .... 21-6 19-0 5-0 7-6 13-2 H 2-7 ... 5 0.9 11.0 
Cr,o, o-of 0.2 0.05 0.3 0.2 0.2 0.2 0.03 •• H 0.2 lH 
MsO 0.3 Ooi 0.2 0.01 "' 0.2 41>1 5-2 Ooi 0.5 0.2 0.2 
c.o 1-S 1·5 6-7 5-6 5-6 * 3-4 10.1 2-9 5-4 1·6 I Hl 
NiO ., 0.3 0.01 0.06 4>5 o-s ().4 0.3 o-3 4>3 o-s 4>05 
v,o, 2.0 H 0.01 o-os 1-6 2-5 2-3 1-417 o-a 1.0 1·3 0.03 

~~t~' 
., 0.3 .... 1·3 0.6 G-4 0.6 o-6 0.3 o-s 0.4 Hl 
().4 0.2 H 0.1 3-6 0.02 0.02 4>5 0.04 2·7 !>I 5-2 

Change in compo:sition of condensale carryover a long the length of a furnace 
FIIT1IIlt:t 

ll I 
Fint S«ott4 Tlolnl Fint S«ott4 Tlolnl ,_ 
ptwt - ".,.., - ,_. ,_. ,_. 

AaaiYJit of QtTJO.et (wt. ";) 
so, 45-S 52·7 5""3 48-6 SG-2 52.0 56-2 
N•,O ...29-6 ).j-6 35-1 22·8 28-3 :!9-9 28-3 t:.,,.o H H 3-3 .j-2 6-0 5-6 5-9 
Fe10, !>2 0.2 !>3 ().4 4>3 o-7 0.2 
SiO, 13·2 H 1·7 5-3 2-8 :z.s 1-5 
Cr,O, !>2 4>3 ().4 0.03 4>02 ().OS OOI 
MJO !>I 0.1 o-os 5-l H H G-4 
CaO 3-4 H !>6 10.1 4-9 2-4 I-tl 
NiO 4>4 4>4 4>4 0.3 ().4 0.7 o-s v,o, 2·3 2-6 2-3 1.07 1·3 2-1 1·9 
AI,O, 0.6 4>3 4>2 0.6 0.3 0.2 !>2 
-Cl 4>02 4>04 4>01 .. , '0.2 0.1 !>I 

WoiJhl olcarryo•or 1&124 h) 5-1 ... , 4·8 1-9 4-1 4-0 3-2 
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2.5.2 Hass spectrometric in situ soalysis of exhaust gas coapositions 

Vaporization processes may be studied by coupling a mass spectrometer 

system to a Knudsen Effusion Cell. With this methad vaporization 

processes in equilibrium situation have been studied in vacuum for 

various types of glasses. 

However, this methad is not applicable whenever interaction of the 

furnace atmosphere with the glass melt has to be investigated, nor has 

this methad any significanee for the determination of the campaaition of 

flue gases under atmospheric pressure. The development of a high 

pressure, free jet expansion sampling system by Milne and Greene (35] has 

led to the application of maas spectrometric analysis of flames and hot 

atmospheric gases on laboratory scale. 

In this system a sample from an atmospheric gas flow (a flame or exhaust 

gas) passes a nozzle and expands in a vacuum chamber. Generally this 

expansion has to be carried out in two or three pressure reduction steps. 

Stearns et al (36] described this system developed forthemaas 

spectrometric investigations of 'high tempersture molecules'. From their 

study they concluded that the gaseaus pressure in the sample reduces with 

a factor 1lf within 5 .10..6 seconds. 

The formation of a free expanding jet of molecules leads to a molecular 

beam of gas molecules from the atmospheric gas flow. Interactions of the 

molecules in this beam are rare and chemical reactions or condensation is 

avoided in this stage. Several investigators [35, 36, 37, 38, 40] have 

used this technique to prevent chemical reactions during the sampling and 

pressure reduction in the analytica! instrument. 

The campaaition of the molecular beam, repreaenting the flue gas 

composition, can be derived by means of conventional maas spectrometric 

instruments. The formation of gaseaus sodium sulphate and potassium 

sulphate in a flame has been studied by Fryburg et al [39] by means of 

the mentioned maas spectrometric system •. Their equipment is presented by 

figure 2.4 including the free-jet expansion sampling system, and an 

example of a flame analysis. 

Although this system seems to be helpful in the determination of flue gas 

compositions one of the drawbacks may be the disturbance of the gas flow 

or the tempersture profile in the flame by the sampling cone. 
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Figure 2.4: Analysis of flame composition with High Pressure Molecular 

Beam Maas Spectrometric Sampling, Fryburg [39] ~ 

Taking this into account Fryburg concluded from the comparison of the 

analytical meesurement with thermadynamie calculations that the latter 

methad gives reasanabie results for the determination of equilibrium 

composititions in sodium (or potassium) and sulphur doped flames of 2100 

K. According to Fryburgs analytical observations the reacqon time to 

achieve the equilibrium situation in flames of 2100 K was approximately 1 

à 2 msec. 

Hastie et al [38] used the molecular beam sampling system to study the 

campaaition of evaporating gases during transpiration measurements for 

KOH and KCl melts. 

Bonneland Hestie [40] described this apparatus to investigate the 

volatilization from glass me lts in an atmospheric gas flow, of variabie 

composition. Several literature references for the application of 

molecular beam sampling systems to study high tempersture ènd high 

pressure gases by means of a mass spectrometer have been given by Stearns 

et al [ 36]. 
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NOMENCLATURE CHAPTER Z 

ai stoechiometric coefficient for reactant i 

A component A in equation 2.51 

A gaseaus polymer in equation 2.53 or 2.54 

bj stoechiometric coefficient for product j 

àG change in Gibbs free Enthalpy (J/mol-1) 

Gj standerd Gibbs free Enthalpy at 1 atmosphere (J/mol) 

for product j 

Gi standerd Gibbs free Enthalphy at 1 atmosphere (J/mol) for 

reactant i 

G arbitrary chosen gaseaus molecule in equation 2.54 

Kr reaction equilibrium constant 

Pj product j 
Pr saturation pressure at tempersture T in (atm) 

Ri reactant i 

R constant of Boltzmann 3.3143 (J mol-1 .K-1 ) 

Subscripts 

c condensed state 

g gaseous state 

1 liquid state 

s solid state 

n indicates a n-mer in equation 2.53 

i indicates a i-mer in equation 2.53 
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J. C(N)[NSATION PROOUCTS AN> GASEOUS DWONENTS IN COOLING EXHAUST CASES 

3.1 Introduetion 

During the cooling process of the exhaust gases from glass melting 

furnaces several chemica! conversiena take place between 1700 K and 

500 K. Gaseaus components reset to other gaseaus compounds or to 

condensed material. 

The kinetica of these chemica! converslons are strongly dependent on 

temperature. 

At temperatures above 1200 K almost all resetion rates are high enough to 

retain chemica! equilibrium in the gas flow providing the temperatures 

do not change too quickly in the regenerators or recuperators. However, 

in the boundary layers near submerged obstacles in the flow regions of 

the exhaust gases, the high tempersture gradients may result in limited 

converslons due to the finity of the resetion kinetica. At temperatures 

below 1200 K cooling rates may exceed resetion rates so that the local 

exhaust gas compositions in these tempersture regions may differ from the 

equilibrium compositions. 

The exhaust of glass furnaces entrains many different gaseaus components 

and particulates in minor concentrations. These substances may catalyse 

the chemica! conversion at low temperatures. 

In this chapter the assumption is made that the exhaust gas composition 

equals the equilibrium composition in the entire tempersture region 

between 1700 K and 600 K and this composition is calculated as a function 

of tempersture with the aid of a thermadynamie model. Experiments have 

been eerried out to evaluate this assumption and to investigate the 

reliability of this approach. 
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'3.2 Ther1110dynamic approach to evaluate changing COIIIpOSitions during the 

cooling of the exhaust gases fr011 glass furnaces. 

J.2.1 The ther1110dynamic equilibriua 1110del 

In chapter 2 a comprehensive survey has been given for the most important 

gaseaus reactions taking place in exhaust gases of various glass 

furnaces. Williams and Pasto [ 1], Kirkbride [2] and Roggenderf 

[ 3] have presented reaults of thermadynamie calculations for exhaust gas 

compositions for soda-lime glass furnaces. 

In principle there are two methods of calculation: 

1. Minimizing the total Gibbs' Free Energy for the componentsof the 

system at a eertsin tempersture [4, 5]. 

2. Equilibration of all the relevant reactions (mentioned in chapter 2) 

at a certain temperature. 

These two methods are essentially identical and give the same results, 

they only differ in the method of computation. Method 1 is p~eferably 

applied in very complex systems with more than 20 componentsi The 

calculations involve a non-linear minimization program. MethÓd 2 may be 

used for calculations of rather simple systems and the computations can 

be executed with a small computer or with pocket calculators. 

Besides the assumption of chemica! equilibrium conditions in the gaseaus 

phase, two other considerations have to be taken into account in this 

model: 

- The concentrations of the gaseaus constituents of the exhaust gases may 

not exceed the saturation preesure at the tempersture under 

consideration. Condensation takes place for components reaching the 

saturation preesure and the partial pressure of these components will 

be equal to that presssure. 

- The maas conservetion laws have to be considered for each chemica! 

element in the constituting gaseaus or condeneed components. 

For .a system with n different chemica! elements, m different gaseaus 

components and p different condensing components, (m-n) independent 

chemica! reactions are involved, leading to (m-n) equilibriu~ equations. 

The maas conservetion laws lead to n equations and the amount of 

saturation pressure equations is equal to the value of p. 

The total amount of equations is: (m-n) + n + p = (m+p). 
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The total amount of gaseaus and condeneed compounds also equals (m+p). 
Thus the applied equilibrium model always results in only one salution 

for the chemica! composition of the exhaust gases in equilibrium 

situations. 

An example for the calculations according to methad 2 for an exhaust gas 

of a soda-lime glass furnace is presented in figure 3.1. 

J.2.2 Dhemdcal compositions of the exhaust gases froa different glass 

furnaces 

Thermadynamie equilibrium calculations have been eerried out to 

investigate the chemica! nature of the gaseaus components and condensed 

material in exhaust gases from soda-lime glass furnaces, borosilicate 

glass furnaces and lead glass furnaces. By means of thermadynamie 

equilibrium calculations the influences of changing temperatures, 

changing fuel composition, end changing vaporization behaviour of the 

melt on the chemica! converslons end condensation processas in the 

exhaust gases have been determined. 

J.2.2.1 The calculation of flue gas co.positions in soda-lime glass 

furnaces 

The conversions of gaseaus components in soda-lime glass furnace exhausts 

may bedescribed by reactions (2.1) to (2.9) of chapter 2 •. The most 

important constituent of the deposits in regenerators of these furnaces 

is sodium sulphate. According to Kirkbride [2] sodium carbonate and 

sodium chloride are expected to condense in sulphur lean flue gases. In 

this section the influence of variations in the alemental compositions on 

the condensation behaviour of exhaust ga~es from soda-lime glass furnaces 

is presented. 

The first situation to be studied, involves an exhaust gas to be expected 

from natura! gas-fired glass furnaces. The composition is given in table 

3.1, oxygen, water vapor, nitrogen and carbon dioxide are the major 

constituents and their concentrations are assumed to be independent of 

temperature. The minor constituents are given in this tabla as chemica! 
elements in gaseous form. 
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yes 

Input datao 
- aaturation preaaure-temperature relationa p*(T) 
- equilibriu11 conetant-tetRperature relations K(T) 
- alemental con.,asitions 

tempersture (Ti) = te..,ersture - i * 6 T 
(temperature step) 

calculations of p*<Ttl• K(Tj) 

calculation of equilibrium coq:~oaition 
assuming na condenaation 

checking i f for every i 
Pi < Pi (aaturation preeaurel 

no 

1>'1":! 50~ = p*N":! S~ end calculate 
all Pi end the fraction condeneed NB:! 50~ 

checking if for every i # N"2~ 
Pi < Pi • 

no 

!>'laCl = p*NaCl end calculate 
all Pi and fraction condeneed NaCl 

checking if for every 1 # NaCl 
Pi < Pi 

no 

i>'iaCl = p*NaCl end 1>'1":! ~ = p*N":! 50~ 
and calculate all Pi condeneed fractiona 
of condeneed NaCl and NB:!~ 

checking i f for every i # NaCl or 
i# NB:!~ Pi < Pf 

other condenaation product& 
have to be conaidsred at T (i) 
'stop progr• - no solution • 

Figure 3.1: Schematic presentation of calculation process for the 

equilibrium composition of the exhaust gases fro~ soda-lime 
glass furnaces, assuming only NaCl and N~SO~ condensation. 
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Table 3.1: Typical overall composition of the exhaust gas from a natura! 
gas fired glass furnace producing soda lime glass. 

major components volume-% minor elements volume-% 

N.2 72.8 Na 1.25 10-2 

~ 4.4 s 2.5 10...2 

Ar 0.8 Cl 6.25 10-3 

c~ 9.0 

li:lO n.o 
I 

Carbon dioxide is formed by the cambustion reactions and by dissociation 

of the soda and limestone batch materials. 

Chlorides mainly vaporize as sodium chloride (NaCl), an impurity in 

synthetic soda ash. Sodium vaporizes as sodium hydroxide from the glass 

melt and as sodium chloride from the soda ash. 

Sulphur is released from the glass melt during the melting and refining 

period probably as sulphur dioxide (S~). The chemica! equilibrium 

composition for the most interesting gaseaus components is presented by 

figure 3.2a and 3.2b. Gaseaus sodium hydroxide, sodium chloride and 

sodium react to gaseaus sodium sulphate at temperatures decreasing from 

1700 K to 1400 K. This causes an increase in the concentratien of Na2so4 
at decreasing temperatures, as can be seen from figure 3.2a. Sodium 

carbonate concentrations and the concentrations of the dimer of sodium 

hydroxide (NaOH)2 initially increase in the exhaust gases at decreasing 

temperatures. 

However, below the dew point tempersture of sodium sulphate, all the 

concentrations of the sodium- containing gaseaus components decrease at 

further cooling. This is caused by formation of liquid or solid sodium 

sulphate. 

In figure 3.2c the fraction of the total sodium amount is given, present 

in the flue gas as condensed sodium sulphate. At 1200 K, more than 90% of 

the available sodium is converted into liquid N~S04 • Thus the 

condensation of sodium sulphate below the dew point of approximately 1380 

K results in quickly diminishing concentrations of gaseaus sodium 

components like NaCl, NaOH, Na, Na..zS(\, Na..zC~ and (Na0H)2 • 
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Figure 3.2a: Vapor pressures of sodium containing components in the 

exhaust gas according to equilibrium calculations for a 

naturel gas fired soda-lime glass furnace • 
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Figure 3.2b: Vapor.pressures of sodium free componentsin the exhaust 

gas according to equilibrium calculations for a natura! 

gas fired soda-lime glass furnace, 

1.0 

"' "' 0.8 ... 
;Ë 
'"" "' 0,6 .-<0 

""' "' N ., 
...,:z: 

0.4 
0 .., 
g: 

.... 1:1 

0.2 
..... 
Ml ....... 

Figure 3.2c: Fractions of sodium and sulphur condeneed as sodium sulphate 

in the exhaust gas from soda-lime glass furnace. 
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This effect is less obvious for the sulphur containing components like 

502 end 503. Because of the rather large excesses of sulphur containing 

components in the flue gas, the eendensetion of sodium sulphate hes a 

relatively slight effect on the concentrations of sulphur dioxide end 

sulphur trioxide. In figure 3.2.c it is shown that only 25% of the total 

sulphur content is converted into condensed sodium sulphate. 

At decreasing temperatures the equilibrium of the reaction: 

(3.1) 

moves to the right, resulting in increasing 503 concentrations, see 

figure 3.2b. According to these calculations sodium sulphate is the only 

stabie product condensing from this exhaust gas between 1380 K end 1150 K 

as een be seen from figure 3.2c. Below 1150 K nearly all the gaseaus 

sodium components are converted into this salt. 

From additienel calculations the conclusions may be drawn that no sodium 

chlorides end sodium carbonates condense from flue gases with sulphur/ 

sodium ratios higher than the stoechiometric ratio of 0.5 in sodium 

sulphate. 5o, only with sodium concentrations four times higher or with 

sulphur concentrations four times lower than in this case, ether sodium 

compounds wil! condense from these types of exhaust gases. 

The dew point tempersture (temperature for the onset of condensation) for 

sodium sulphate varies slightly with the water vapor concentratien see 

figure 3.3 end varies only for low 02-levels with the oxygen 

concentrations as shown in figure 3.4. The dew point increases to 1425 K 

for a sodium content twice that of the base situation as een be seen from 

figure 3.5. Thus for higher furnace temperatures or higher flame 

veloeities with higher volatilization rates the onset of sodium sulphate 

eendensetion shifts to higher temperatures. 

By changing the fuel from naturel gas to.heavy oil the carbon dioxide 

concentrations end sulphur concentrations wil! increase end the water 

vapor content wil! deeresse slightly. The exhaust gas composition is 

almest independent of the carbon dioxide concentrations because of the 

very low sodium carbonate conversion in the flue gases. The sulphur 

concentratien in case of oil-firing may reach values of 4.10-4 to 1.1o-3 

volume-%, the water concentratien is approximately 10%. 
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figure 3.3: Thermadynamie dew point of sodium sulphate in exhaust 

gas for different water vapor levels. 
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According to figures 3.3 and 3.6 the sodium sulphate dew point increases 
only 10 to 20 K when using mineral oils instead of natura! gas. The dew 

point rises 25 K by using natura! soda ash instead of synthetic soda ash 

due to the very low chloride levels in natura! soda ashes. Figure 3.7 

presents the relation between dew point and chlorine content in the flue 

gas. At high dew point temperatures a large amount of sodium sulphate 

condensas in the liquid phase above the melting tempersture of 1157 K. 
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Figure 3.6: Thermadynamie dew point of sodium sulphate in exhaust 

gas, for different sulphur levels. 
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Figure 3.7: Thermadynamie dew point of sodium sulphate in exhaust 

gas, for different chlorine levels. 
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Liquid sodium sulphate is extremely corrosive and may damage the 

refractories of the checker works. Deposition of sodium sulphate on 

regenerator bricks just above the melting point tempersture is extremely 

dangerous. During the air preheat period this deposited liquid salt may 

convert into solid sodium sulphate. The liquid sodium sulphate that might 

have penetrated the pores of the bricks mechanically damagesitheir 

structure when becoming solid and therefore having a higher specific 

volume. For that reason it is important to prevent condensation or 

deposition of sodium sulphate near the melting point. 

By means of the equilibrium calculations it is possible to predict the 

influence of flue gas additions on the tempersture region where the 

condensation process takes place. The total amount óf dust produced in 

the exhaust gases of soda-lime glass furnaces is mainly dependent on the 

volatilization rate of sodium containing components. According to the 

considerations of sectien 1.1.2 of this thesis the volatilization of 

sodium components increases with the water vapor pressure, the 

tempersture and the flame velocity in the glass melting furnace. 

Although sodium hydroxide vaporization is enhanced by the higher water 

vapor concentrations in naturel gas-fired furnaces as compared to those 

in oil-fired furnaces, this effect is countered by relatively low flame 

veloeities in natura! gas fired tanks. The sulphate content pf the batch 

may be reduced by adding other refining agents than sodium s~lphate. 

Table 3.2: Overall composition of sulphur lean flue gas from; a naturel 

gas fired glass furnace producing soda-lime glass:. 

major components volume-% minor elements volume-% 

~ 72.8 Na 1. 25 10-2 

~. 4.4 s 3.0 10..3 

Ar 0.8 Cl 6.25 10-3 

c~ 9.0 

~0 13.0 
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In the case that only small amounts of salt cake (Na2S04) are added to 

the batch, the sulphur concentrations in the flue gases can be reduced 

to 3.0 10-5 volume-% for a natural gas fired furnace. 

The exhaust gas composition in this case is given by table 3.2, figure 

3.8a represents the equilibrium compositions of such an exhaust gas 

between 1600 K and 600 K. Below 990 K sodium chloride condenses (figure 

3.8b) end below 1030 K small amounts of sodium carbonate may condense. 
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tigure 3.8a: Vapor pressures of constituents of sulphur leen exhaust gas, 

according to equilibrium calculations. 
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Figure 3.8b: Sodium distribution among condensed components from sulphur 

leen flue gas. 
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The dust in the gases contains 32 mol-% sodium sulphate, 66.7 mol-% 
sodium chloride and 1.3 mol-% sodium carbonate below temperatures of 

800 K. 

Finally, the case is considered when besides sodium also potassium 

components vaporize from the glass melt. Equilibrium calculations have 

been carried out for the overall gas composition listed in table 3.3. 

Table 3.3: Overall flue gas composition of a soda-potash glass furnace 

with natura! gas firing. 

major component a volume-% minor element a volume-% 

~ 72.8 Na 8.0 10-3 

~ 4.4 K 4.0 10-3 

Ar 0.8 s 2.50 10-2 

c~ 9.0 Cl 6.2~ 10-3 

~0 13.0 i 

These calculations do not take the formation of condeneed sodium­

potassium sulphates into account. The thermadynamie properties of KNaS04 

are not suffiently known and formation of this compound is neglected in 

the model. The formation of KNaS~ hardly affects the results of our 

calculations, figure 3.9.a and 3.9.b give the results of these 

calculations. 

The gaseaus sodium sulphate as well as the gaseaus potassium sulphate 

concentrations increase during cooling from 1700 K to 1400 K. Sodium 

sulphate condenses at 1360 K reauiting in decreasing concentrations of 

the gaseaus sodium components NaOH, NaCl and N~S~ below this 

temperature. Below 1250 K (the dew point for K2 S04 ) the concentrations of 

gaseaus potassium components deeresse rapidly. The formation of condeneed 

sodium sulphate and condeneed potassium sulphate is presented in figure 

3.9c. Below 1000 K nearly all the sodium and potassium are converted into 

respectively condensed N~S04 and condeneed K2S04 or conden~ed KNaS~ 

(not regarded in our calculations). 
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Figure 3.9a: Vapor pressures of sulphur containing components in exhaust 

gas, according to equilibrium calculations, exhaust gas from 

table 3.3. 
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Figure 3.9b: Vapor pressures of sulphur free components in exhaust gas, 

according to equilibrium calculations, exhaust gas from 

table 3.3. 
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figure 3.9c: Fractions sodium and potasslum from exhaust gas condensed as 

respectively N~ sq. and K2 sq. according to equilibrium 

calculations for exhaust gas from table 3.3. 

3.2.2.2 Cslculations of flue gas compositions in borosilicate glass 

furnaces 

Although saveral investigators have studled the equilibrium compositions 

of exhaust gases from soda-lime glass furnaces, very little information 

is available about the compositions of flue gases from other glass 

furnaces. The compositions of borosilicate glasses vary widely: 

alkali-borosilicate glasses with 4-6 weight-r. sodium and potassium, or 

with alkali concentrations lower than 0.5 weight-% are produced on 

industrial scale. 

Sodium oxides in the melt react with borium oxide resulting in the 

formation of volatile sodium metaborate. Concentratiens of sodium and 

potasslum containing components (primarily borates) may exceed the 

concentrations of these components in exhaust gases of soda-lime glass 

furnaces, although the glass may contain less alkali oxides. The exhaust 

gas composition of a typical sodium-borosilicate glass furnace is given 

in table 3.4. 
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Table 3.4: Exhaust gas composition for a natura! gas fired sodium 

borosilicate glass furnace. 

glass composi ti on major volume-% minor volume-% 

oxide weight-% components elements 

Si~ N:2 72.8 Na 5. 1o-2 

Al203 02 4.4 s 1.25 m-2 

N~O 5.0 Ar 0.8 Cl 1.0 10-5 

K20 co2 9.0 B 5. m-2 

CaO ~0 13.0 

~03 

others 

According to the thermadynamie calculations sodium sulphate condensation 

starts below 1350 K. At temperatures approximately 80 K lower than the 

dew point of sodium sulphate, sodium metaborate condenses and at much 

lower temperatures sodium chloride may condense. The composition of this 

exhaust gas, dependent on temperature, is given in figure 3.10a and 

3.10b. 

600 800 1000 1200 1400 1600 K 
temperature 

Figure 3.10a: Vapor pressures of boron containing components in exhaust 

gas, according to equilibrium calculations - exhaust gas 

from table 3.4. 
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Figure 3.10c: Distribution of totalsodium in exhaust gas among condensed 

components according to equilibrium calculations - exhaust 

gas fr.om table 3.4. 
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Below the sodium sulphate dew point the concentrations of gaseaus sodium 

components decrease rapidly. At temperatures lower than the dew point of 

sodium metaborate a decrease in the concentrations of gaseaus metaboric 

and sodium metaborate takes place. 

Figure 3.10c presents the condensation behaviour in the flue gas at 

different temperatures. Sodium metaborate below 1270 K and sodium 

sulphate below 1360 K, condense. Sodium metaborate, sodium hydroxide and 

sodium chloride are the most important gaseaus sodium constituting 

components at temperatures above the sulphate dew point. Metaboric acid 

(HBU2) is converted to boric acid (H3B03 ) at temperatures below 1300 K. 

At all temperatures borium oxide (8203) is a minor component in this 

exhaust gas and no condensation of ~03 is expected from the results of 

the calculations. Sodium tetraborate is an important gaseaus constituent 

between 1150 K and 1350 K but no condensation of N~~o7 is expected from 

this flue gas. 

However, the system ~ 03 -N&.l 0 is very complex and minor important 

components like Na20.(B203)5 or N~O.(B2 03 ) 4 may be formed, but these 

have not been included in our calculations. In figure 3.10 the vapor 

pressure curves for N~C03 , (NaOH)2 , Na and 503 are not given, these 

components appear to be of minor importsnee for the exhaust gas analysis. 

SodiUIR tetraborate condensation 

Flue gases from furnaces melting borosilicate glass with high borium 

oxide concentrations, contain large amounts of metaboric acid or at low 

temperatures boric acid (H3 B03 ) • 

These components react with sodium hydroxide or sodium metaborate to 

sodium tetraborate: 

2NaOH + 4HB~ + Na:z fltt ~ + 31-t:z 0 (3.2) 

(3.3) 

Instead of sodium metaborate condensation, sodium tetraborate depaaition 

or dust formation may take place in these exhaust gases. Calculations 

have been eerried out for an exhaust gas similar to the exhaust gas from 

table 3.4 with insteadof 5.0 10-2 volume-% baron, 1.0 10-1 volume-% 

baron. 
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The condensation products (see figure 3.11) are sodium sulphate below 

1300 K, sodium metaborate between 1200 K and 1260 K and also below 825 K 

and finally sodium tetraborate between 1240 K and 775 K. 

At a tempersture of 1260 K the condensation of sodium sulphate is nat 

complete and the ratio between gaseaus sodium compounds and gaseaus baron 

compounds is approximately 0.4. When nearly all sulphur has reacted with 

sodium compounds to condeneed sodium sulphate the ratio gaseaus sodium 

compounda/gaseaus baron compounds lewers to a value of 0.25. 

Sodium tetraborate condensation is favoured by high concentrations of 

baron and sodium and also for low sodium/boron ratios. 
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Figure 3.11: Distribution of the sodium from exhaust gas, among condeneed 

compounds. 

The complexity of the chemical behaviour in exhaust gases from 

borosilicate glass furnaces is shown by the condensation behaviour of 

these gases. The occurrence of two tempersture regions for sodium 

metaborate condensation is eaueed by the different temperatwre dependenee 

of the thermadynamie functions for condeneed sodium metaborate and sodium 

tetraborate. The curve for sodium sulphate condensation is less steep 

than in the case of baron free exhaust gases. This effect is eaueed by 

the rather high gaseaus sodium metaborate concentrations between 1200 and 

1300 K. 
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Sodium chloride condensation 
The concentrations of chlorides in exhaust gases from borosilicate glass 

furnaces depend on the raw materials used. At chlorine concentrations of 

1.0 10-3 volume-%, as is the case for the exhaust gas of table 3.4t only 

at temperatures lower than 700 K condensation of sodium chlorides may 

take place. 

An increase from 10.3 to 5.10-2 volume-% results in a 100 K higher 

condensation tempersture for NaCl. In the tempersture region where 

sodium chloride condensation takes place, a decrease in sodium metaborate 

condensation rates is observed. At these temperatures reaction 3.4 is 

important: 

NaB~ (solid) + HCl + NaCHsolid) + HB~ (3 .4) 

Sodium chloride condensation is not expected in regenerators of boro­

silicate furnaces because of the rather high temperatures and the 

relatively low sodium chloride dew points for these exhaust gases. 

Sodium metaborates only condense from exhaust gases with rather low 

sulphur concentrations. Sodium sulphate is the only condensed product 

thermodynamically stabie in exhaust gases from oil-fired sodium-boro­

silicate glass furnaces with sulphur concentrations higher than 3.0 10-2 

volume-%. 

Exhaust gases froa glass furnaces producing alkali lean borosilicate 

glass 

Borosilicate glasses like E-glass contain very low amounts of potassium 

oxide and sodium oxide. The furnace gases may contain boron 

concentrations of 5.10-2 till 10-1 volume-%, potassium concentrations are 

in the order of 2.10-2 volume-% and sodium concentrations may vary from 

5.10-3 to 1.1o-2 volume-%. Especially potassium borates are very volatile 

resulting in rather high potassium amounts in the furnace atmosphere of 

borosilicate glasses with a K20 concentration of 0.5 weight-%. 

In natural gas fired furnaces and the application of refining agents 

other than sodium sulphate, condensation of sodium metaborate and 

potassium metaborate takes place, according to the calculation based on 

thermadynamie equilibrium. In oil-fired furnaces only sodium sulphate and 

potassium sulphate condense, boron is mainly emitted as gaseaus boric 

acid (H] B03 ) in the stack gases. 
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3.2.2.3 Calculated flue gas coapositions in lead glass furnaces 

Lead glass furnaces are usually equipped with an electrostetic 

precipitator, since stack gases contain 700 to 1500 mg dust per cubic 

metre exhaust gas volume [ 6] (under normalized conditions, 295 K and 1013 

mbar). More than 90% of this dust consists of lead components, like lead 

sulphate and lead oxides. 

According to Matousek and Hlavac [7], the rate of volatilization of lead 

components from the glass melt is at least one order of magnitude higher 

than vaporization of alkali components from a glass with; 4.5 weight-% 

Na:zO, 10 weight-% K20 and 24 weight-% PbO. The volatilization from lead 

glasses has been described insection 1.1.2.2 of this thesis. 

Thermodynamic equilibrium calculations have been carried out for an 

exhaust gas from a natura! gas fired furnace without sulphu~ components. 

This exhaust gas is presented by table 3.5. 

Table 3.5: Sulphur free exhaust gas from a lead glass furnace. 

major components volume-% minor elements volume-% 

N.2 72.8 Pb 2.1o-2 

0:2 4.4 K nihil 

Ar 0.08 Na ni,ül 

CIJ..2 9.0 

H20 13.0 

The flue gas composition is represented in figure 3.12a. The 
I 

concentrations of the oligomers of PbO like Pb202 , Pb303 , P~O~ 

increase during the cooling till approximately 1160 K. Below this 

tempersture (see figure 3.12b) lead oxide condensas till 1000 K. 

The calculations neglect the formation of lead hydroxide because of 

insufficient thermodynamic data for this gaseous component. However, 

gaseous Pb(OH)2 is a rather important constituent in these'exhaust gases 

in a eertsin tempersture region. 
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In spite of this, the calculations have been carried out and will be 

compared with experimental results presented later in this thesis. From 

this comparison the effect of neglecting the formation of lead hydroxide 

appears to be of minor importsnee for this treatment. Lead monoxide is 

converted into PbsO~ at temperatures below 700 K. 
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Figure 3.1Za: Vapor pressures of lead compounds in exhaust gas according 

to equilibrium calculations for exhaust gas from table 3.5 • 
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figure 3.1Zb: Fraction of total lead from exhaust gas as condeneed 

components according to equilibrium calculations. 
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Stack gases from oil-fired lead glass furnaces consist of large amounts 
of lead sulphate dust. Components like: 

- PbS(\; 

- PbO. PbS(\; 

- ZPbO.PbSI\; 

- PbO; 
and P~O~ may be present in the dust precipitated from these exhaust 

gases. The exhaust gas composition used for the equilibrium calculations 

is given in table 3.6. 

Table 3.6: Exhaust gas from an oil-fired lead glas~ furnace. 

major component a volume-% minor elements volume-% 

Na 72.8 Pb z.1o-2 

~ 4.4 5 3.1o-3 

Ar 0,8 

c~ 9.0 

~0 13.0 

Figure 3.13 shows the tempersture dependenee of the exhaust'gas 

composition. For flue gases with a lead/sulphur ratio higher than 1.0, 

also PbO and PbO.PbS(\ condensation is expected according to our 

calculations. 

Other components like sodium or potassium hardly react with lead oxides. 

In exhaust gases containing alkali components like sodium o~ potassium 

besides lead and sulphur, the condensation of alkali sulphates is the 

first to set on. The sulphur oxides remaining in the gaseaus phase after 

alkali sulphate condensation react with lead oxide reauiting in lead 

sulphate (PbS(\) condensation. 

Condensation of lead sulphate aften takes place in combination with lead­

oxide condensation, forming PbO.PbSO~, ZPbO.PbS(\ or 4PbO.PbS(\. 
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in exhaust gas, according to equilibrium calculations for 

exhaust gas from table 3.6 • 
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tigure 3.13b: lead distribution among condensed phases according to 

equilibrium calculations for exhaust gas from table 3.6. 

-95-



3.2.3 Restrietloos of the thermadynamie equilibrium node! 

The reliability of the results of the thermadynamie calculations depends 

on many factors. The methad presented here to investigate the composition 

of the gaseaus and condensed products in exhaust gaaea from glaas 

furnaces is the first step to determine the corrosive nature of the flue 

gases. However, a number of aapects have to be considered befare the 

the model may be applied for practical situations. 

3.2.3.1 Resetion kinetie limitations 

Exhaust gases are cooling down from 1700 K to approximately 800 K in 

2 to 4 seconde in glass furnace regenerators. The limited resetion rates 

may inhibit the total conversion of exhaust gas componenta to the 

equilibrium composition when passing the checker work of the 

regenerator. To study the validity of the equilibrium calculations it is 

convenient to define first a characteristic resetion time ~c: the time 

needed to obtain a composition with concentrations within 10% of the 

equilibrium value. A practical way to apply this methad is the 

introduetion of the TSRT(n) (Temperature Step Resetion Time) for the 

reactivity of exhaust gases during the passage of the checker work. This 

TSRT(n) is the characteristic resetion time (~c) needed to obtain gas 

concentrations within 10% of the equilibrium values after a sudden 

tempersture reduction of 100 K. For TSRT (100)-values lower than 100 

milliseconds it is justified to assume that the exhaust gas components 

are in chemica! equilibrium in the exhaust gases from glasa furnaces. 

Resetion kinetic data for reactiona in flue gases invalving sodium, lead, 

boron or sulphur compounds are very rare. No data are available for the 

formation of gaseaus sodium sulphate or lead oxides. Besides the lack of 

kinetic data the application of this methad has some more dr~wbacka like 

the catalytic action of minor flue gas components (gaseous or particulate 

species) which may enhance the reactions in the gaseaus phase. 

Nevertheless it seems worthwhile to carry out an evalustion of TSRT 

(100)-values for a hypothetical exhaust gas campaaition (without 

catalytic agents), for which data are available. This exhaust gas 

contains only sodium and chlorine as minor components. 

As an example we have taken the composition given in table 3.7. 

-96-



Table 3.7: Exhaust gas composition for resetion kinetic calculations. 

major components volume-% minor elements volume-9& 

l'l2 73 Na 2.1o-5 

0:2 2.2 Cl 2.10-5 

Ar 0.8 

c~ 9 

f-1:20 13 

The TSRT (100)-values for different temperatures have been calculated 

with resetion kinatic data from Jensen and Jones [8] and are represented 

in figure 3.14. 
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Figure 3.14: Dependenee of characteristic resetion time TSRT (100) as 

function of tempersture for exhaust gas from table 3.7. 
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This method provides a very rough estimation for reaction times in an 

exhaust gas doped with chlorides and sodium compounds, without taking 

into account the presence of catalysing agents. As can be seen for 

temperatures above 1200 K the requirement of a TSRT (100) larger than 100 

milliseconds to obtain a chemica! equilibrium in the exhaust gases, is 

fulfilled. 

l.2.3.2 Condensation kinetic limitations 

In our equilibrium model the assumption has been made that condensation 

of components having partiel vapour pressures equal to the saturation 

value takes place. In practica however, condensation may only set on 

after reaching a certain supersaturation at which the condens~tion rates 

are significant enough. 

In exhaust gases containing supersaturated vapors two kinds of 

condensation processas may take place. Condensation may set on at already 

available condensed material or particulate matter in the exhaust gases. 

This is called heterogeneaus condensation and is generally a relatively 

fast proceeding process. 

In flue gases with little particulate matter, condensation starts only 

after a homogeneaus nucleation process. Initially monomar molecules of 

the supersaturated component agglomerate into rathe~instable oligomers. 

These eligomers grow at increasing supersaturation values, resulting in 

the formation of more stable nuclei consisting of more than 100 monomer 

units. The complexity of the homogeneaus and heterogeneaus nu~leation 

processas makes it difficult to study condensation in exhaust gases of 

glass furnaces theoretically. 

3.2.l.J lnaccuracies in the thermadynamie data 

The reaction constants for the most important conversions in flue gases 

from glass furnaces have been derived from the Gibbs' Free Enthalpy 

functions for the proper components. The values for these thermadynamie 

properties were taken from literature. 
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A comprehensive study has been eerried out to validate these data and to 
choose the most reliable values. However, many of the available 

parameters had to be derived from less accurate determinations. The 

saturation pressures for sodium metaborate, sodium tetraborate and 

potassium borates for instance, could only be roughly estimated from the 

data available. 

Extrapolstion of thermadynamie data, measured in a limited tempersture 

range,introduces rather large uncertainties at other temperatures. To 

study the effect of these inaccuracies, calculations have been eerried 

out with a saturation pressure for sodium metaborate two times lower 

than the values used previously. 

The exhaust gas composition from table 3.4 has been taken for these 

calculations. As a result of this altered parameter the dew point for 

sodium metaborate shifts to a 30 K higher temperature. At temperatures 

below 1000 K these changed saturation pressure values have a negligible 

influence on the compositions of gaseaus and condensed products. 

3.3 Experiments on the condensation of salt or metal oxide components 

fra. simulated flue gas compositions 

So far, the literature has come up with little evidence for the accuracy 

of the thermadynamie equilibrium models to evaluate the nature of exhaust 

gases from glass furnaces. In our study an experimental methad has been 

applied to campare laboratory investigations of simulated exhaust gases 

with the results of the model. 

Condensation of salt or metal oxide compounds from an exhaust gas doped 

with sodium, sulphur, lead, boron or other inorganic material has been 

studied experimentally. 

The composition of the condensed components has been analysed and 

compared with the predictions of the equilibrium model. 

3.3.1 The experimental procedure 

Flue gases of several glass furnaces have been simulated on laboratory 

scale. The formation of condensed compounds during cooling down from 

1700 K to 600 K has been investigated. 
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T;~t~ equipment is presented schematically by figure 3.15. 
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~\gure 3.15: Schematic presentstion of simulated flue gas 

channel with platinum strip, 

An air caoled burner has been placed at the entrance of a vertical 

alumina cylinder with an inner diameter of 3.0 cm and a lengthof 60 cm. 

The air and the gaseaus fuel are premixed in the burner chamber to obtain 

a homogeneaus flame. A platinum strip with a total length of 50 cm is 

positioned in the centre axis of the aluminis cylinder. 

The tempersture distribution at the strip is measured by means of eight 

5-thermocouples welded to the surface. A salution of components 

containing the constituting elements of flue gases from glass furnaces is 

aspirated into the cambustion air. The fuel used is propane reauiting in 

a flame tempersture of approximately 1750 K. The flows of air and fuel 

are controlled with rotameters and have been kept constant within 2%. 

The flue gases from the burner resembie the flue gases from glass 

furnaces with comparable compositions. These burner gases are conducted 

along the platinum t:l.::ip l:hrough the alumina cylinder. 
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Condeneed material from the exhaust gas may adhere to the platinum strip 
when supersaturation of certain components is reached. The total 

depaaition at the inner surface of the alumina tube appeared to be rather 

small. 

The amount of material from the flue gases deposited on the strip or on 

the cylinder surface hardly exceeds 10% of the dopants. 

Gas veloeities range from 3 m/s at 1700 K to 1.2 m/s at 600 K and these 

rates are comparable with exhaust gas veloeities in regenerators of 

industrial furnaces. The composition of the deposits have been examined 

by means of X-ray diffraction to determine the nature of the crystalline 

phases. Generally more than 90% of the sample consisted of crystalline 

compounds. 

A rough estimate has been made to determine the semi-quantitative 

composition of the deposit. The presence of a eertaio chemically 

identified phase is indicated on a scale of five as shown in figure 

3.16. These experimental results are compared with the results from the 

equilibrium calculations. 

The gas compositions of the applied flue gas simulations are given in 

table 3.8. 

1 60-100 mol% 

2 30-60 mol% 

3 15 _30 mol% ~ 

4 5 _15 mol% ~ 

5 < 5 mol% [ ] 

Figure 3.16: Scale of relative presence of components~in depaaition 

product a. 
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Table 3.8: Flue gas compositions of the laboratory investigations. 

--
camposition na. I tl UI IV V VI 

~ vol.% 4.5 4.5 4.5 4.5 4.5 4.5 

~ val.% 12.1 12.1 72.7 12.1 12.1 72.7 

H:!O vol .. l n.o 13.0 13.0 n.o 13.0 n.o 

CO:z vol.% 9.0 9.0 9,0 9.0 9.0 9.0 

Ar vol .. S. 0.8 0.8 0.8 o.8 0.8 0.8 

dopants 
Na vol.-ppm 125 66 66 - - 100 

K val.-ppm - - - - - -
Ca vol.-ppm - - JJ - - -
Mg val.-ppm - :n - - - -
Pb val.-ppm - - - 40 40 -
8 vol.-ppm - - - - - 200 

s val.-ppm 240 27 27 - JO -
Cl val.-ppm 62.5 66 66 - - -

Flue gas I has a composition that resembles the composition of exhaust 

gases from gas fired flat glass furnaces. Addition of magnesium 

components to exhaust gases containing sulphur and sodium may change the 
condensation behaviour and the nature of the sulphate compounds. The 

combination of sulphur, chlorine, sodium and magnesium has been studied 

by the simulated flue gas II. 

Calcium oxide has been added in flue gas III to investigate ~he formation 

of calcium sulphate (gypsum) tagether with sodium sulphate condensation. 

The flue gases II and III serve only to study the absorption of sulphur 

oxides by components other than sodium. 

Formation of condensation products from a lead containing stack gas has 

been studied for a sulphur lean and a sulphur rich flue gas, respectively 

flue gas IV and flue gas V, 

Flue gas VI represents sulphur lean flue gases in sodium-bor.osilicate 

furnaces. 
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3.3.2 Comparison of the results fro. the thermadynamie equilibrium model 
with the experimental investigations 

1 Flue gas co.position with sodium, chlorine and sulphur 

The exhaust gas composition of flue gas I resembles the composition that 

Kirkbride [2] has given for gas fired flat glass furnaces. According to 

the thermadynamie equilibrium calculations only sodium sulphate (NBQSÜ4) 

condensation is expected below 1340 K from this flue gas. However, no 

condensation products were found at temperatures above 1240 K. 

Below 1240 K sodium sulphate was indeed the only condensation product 

from this simulated flue gas. The discrepancy of 100 K between the 

experimentally determined dew point (1240 K) and the theoretically 

calculated dew point (1340 K) may be caused by resetion kinetic 

limitations. Especially in cases where the exhaust gas tempersture 

decreases fast, the conversion to the equilibrium composition is limited 

by resetion kinetica. In our laboratory experiments temperatures deeresse 

100 K within.approximately 40 milliseconds. Sodium sulphate is mainly 

produced from reactions between sodium hydroxide and sulphur oxides. This 

conversion consists at least of four steps, presented by mechanism I, n 
ar III mentioned insection 2.2.1. A rough estimate of the resetion time 

in flue gases only doped with chlorides and sodium at 1300 K is 

approximately 10-20 milliseconds. 

However, for resetion mechanisms more complex than gaseaus sodium 

chloride formation, these resetion times are expected to be much langer. 

for sodium sulphate with a theoretically determined dew point of 1340 K, 

this implies a deeresse of at least 50 K for eendensstion in the 

experimental case. Condensation kinetic limitations as well as errors in 

the thermadynamie values may be additional eausas for the rather large 

deviations between theoretically .and experimentally derived dew points. 

11 flue gas compositlon 11, with sodium, chlorine, sulphur and 

IIBgllesium 

Gas composition II differs from flue gas I in three ways: 

- magnesium is an extra additive to the flue gas; 
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- the sodium content has been diminished by 5~; 
- the sulphur content has been decreased to only 27 volume-ppm. 

Three different condensed phases have been found in the deposits on the 

platinum strip. Above 1220 K only magnesium oxide condeneed and at 

decreasing temperatures the samples contained increasing amounts of 

sodium sulphate. 

Below 900 K deposition of sodium chloride was observed on the; strip, see 

figure 3.17a. The composition of the condeneed productsas predicted by 

the thermadynamie equilibrium calculations is given in figure 3.17b, 

According to the calculations sodium sulphate condensation is expected 

below 1275 K and sodium chloride should condense below 950 K. 
Calculations with varying dopant concentrations show that for sodium/ 

sulphur ratios higher than the stoechiometric ratio in sodium sulphate no 

magnesium sulphate is expected to condense from these flue gases, 

The experimental results represented by figure 3.17a confirm this 

behaviour of magnesium oxide in a sodium rich flue gas. In this case 

sodium absorbs all the available sulphur components to form sodium 

sulphate. From figure 3.17a and 3.17b it appears that the agreement 

between the theoretically predicted behaviour and the experimental 

results is rather good, although the experimentally derived dew points 

are approximately 50 K lower. 

700 800 

Figure 3.17a: Semi-quantitative distribution of depaaition components in 

samples from flue gas 11. 
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Figure 3.17b: Theoretica! distribution of compounds in flue gas II 

deposits. 

111 Flue gas COMpOsition 111, with sodiUM, chlorine, calcium and 

sulphur 

X-ray analysis of samples scraped from the platinum strip after 

experiments with flue gas III evidently prove the condensation of gypsum 

compounds (Ca5~) between 800 K and 1150 K. Other condensation products 

are (figure 3.18a): 

- NS:L 504 

- NaCl 

- Na2Ca(504 ) 2 
and Ca:z Na:z ( 5~ )3 • 

The presence of these two last mentioned products has nat been taken 

into account in the equilibrium model. In the model components like 

Ca:zNa(504 ) 3 and Na2Ca(504 )2 are assumed to be only combinations of Ca504 

and NS:L5~ and hardly differ in chemica! behaviour. Thermadynamie data 

for Ca2Na(504 )3 and Na2Ca(504 )2 are very rare. In this model the 

assumption has been made that the sulphates condense as pure CaS04 or 

Na:z 504 • Th A resul ts of the calculations are presented by figure 3 .18b. 
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Figure 3.18a: Semi-quantitative distribution of deposition componentsin 

samples from flue gas III. 
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Figure 3.18b: Theoretica! distribution of compoundsin flue gas III 
deposits. 
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The discrepancy between the experiments and the theoretical predictions 
is obvious. According to these predictions considerable amounts of 

calcium oxide should condense above BSO K. However, this component was 

not found in the condensation products on the strip. It might be assumed 

that calcium oxide particles are formed in the flue gas at temperatures 

as high as 17SO K, since these particles hardly adhere to the surface of 

the strip, no calcium oxide depaaition is observed. 

According to the experiments and the theoretica! approach sodium sulphate 

condensation is suppressed by solid sodium chloride formation at 

temperatures below 9SO K. This experiment clearly shows the effectivity 

of the sulphur oxide cepture by calcium oxide and sodium components in 

the tempersture range between 800 and 11SO K. The amount of free sulphur 

oxides in this flue gas is negligible at temperatures below 900 K 
resulting in a decreasing sulphate condensation and increasing formation 

of condeneed sodium chlorides (NaCl). Again the experimentally derived 

dew points for N~sq. appear to be lower (± 100 K) than the theoretica! 

va lues. 

IV Flue gas composition number IV, with lead and without sulphur 

~ 
Exhaust gases from lead glass furnaces contain large amounts of lead, 

existing in the furnace atmosphere mainly as gaseaus lead oxides. 

Lead oxides, however, tend to polymerisate in the gaseaus phase resulting 

in formation of PbnOn-molecules (the n-value ranges from 1 to 6) 

according to Drawart [9]. This polymerisation preceedes the condensation 

of lead oxide phases at the strip at temperatures between 1100 K and 12SO 

K. Analysis by means of X-ray diffraction shows that the condensed 

product consiste mainly of lead oxide below 112S K. Minor amounts of lead 

hydroxide (Pb(OH)2 ) or lead carbonate (PbC03 ) have been found. These two 

compounds were probably formed during cooling and storing of the samples, 

eaueed by resetion with water vapor and carbon dioxide in the ambient 

air, since at temperatures above 700 K, these condensation products are 

not to be expected in these flue gases. 

Calculations using the thermadynamie equilibrium model have been made, 

taking into account the polymerisation reactions of gaseous PbO which 

condenses at temperatures below 1100 K. This compound is converted into 

P~O~ at temperatures lower than 700 K, chemical analysis of dust 

precipitated from stack gases of industrial lead glass furnaces confirm 

this. 
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V Flue gas composition number V, with lead and sulphur 

In case of oil-firing in lead glass furnaces considerable amounts of 

sulphur dioxide are introduced in the furnace atmosphere. Although 

gaseaus lead sulphates may be of minor importance, lead oxides react with 

sulphur oxides resulting in the formation of solid lead sulphate. Flue 

gas number VI has been chosen as a gas simulating exhaust gases of 

oil-fired lead glass furnaces. 

A survey of the analysed condensation products as a function of the 

tempersture is given by figure 3.19a. Four different condeneed phases 

have been found: 

- PbO.PbS~ below 1080 K; 
- 2PbO.PbS~ between 925 K and 1100 K; 
- 4PbO.PbS~ below 900 K; 

and PbS~ at temperatures lower than 900 K. 
The theoretica! results of the equilibrium model are presented in figure 

3.19b. Only PbO, PbSOt. and PbO.PbS04 phases are expected according to 

this approach. Chemica! reactions of the depaaition products during the 

cooling period after an experiment obviously influence the nature of the 

crystalline phases. 

PbO.PbS04 

2PbO.PbSÛ4 

4PbO.PbS04 

700 800 900 1000 Kelvin 

Figure 3.19a: Semi-quantitative distribution of depaaition components in 

samples from flue gas V. 
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Figure 3.19b: Theoretica! distribution of compounds in flue gas V 

deposits. 
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no condensates 
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Figure 3.19c: Theoretica! diatribution of compounds in deposits from flue 

gas V with instead of 30 ppm sulphur, 40 ppm aulphur. 
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From the theoretica! as well as the experimental results it can be seen 
that lead oxide and lead sulphate compounds condense below 1050 K - 1100 

K. At increasing sulphur/lead ratios, a tendency to higher lead sulphate 

fractions in the condeneed phases is expected as shown in figure 3.19c. 

Flue gas VI, with sodiua and boron 

Exhaust gases from furnaces producing glass with sodium as well as 

borium oxide, contain boric acid, metaboric acid and large amounts of 

gaseaus sodium borates. The gaseaus sodium borates may react with 

sulphur oxides to form condeneed sodium sulphate. From flue Q9Ses 

containing minor amounts of sulphur components, deposition of sodium 

metaborate takes place below 1190 K according to the experiments with 
i 

flue gas number VI. 
Sodium tetraborate condensas below 700 K, instead of the metaborates. 

: 
Nearly the same behaviour was found from the results of the theoretica! 

calculations. The sodium metaborate dew point for flue gas VI is 

calculated to be at 1240 K. Below 600 K condensation of sodiÓm 

tetraborate NB;!~ IJ;- is expected. 

Although sodium metaborate dust can be obtained at temperatures above 600 

K, reactions with H3 B~ (3.5) or reactions with water, (3.6 and 3.7), may 

alter the nature of the dust in the stack. 

2N aBIJ..! + 2H3 803 + Na2 B~t 07 + 3H2 0 

(sodium-tetraborate) 

NcqflctO, + 5~0 + NB;!~IJ;- .5H:!O 
(borax pentahydrate) 

NS;z S.. 07 + 10H2 0 + Na2 B~t07 .10H2 0 

(borax decahydrate) 

(3.5) 

(3.6) 

(3. 7) 

The phase diagram for the system NB;!O - 92~ is partly presented by 

figure 3.20. Combinetiens like NaB02, Na2Ba01 3 , Na2B~t07, may be obtained 

dependent on the ratios of sodium and baron in the deposit. 

The experimentally obtained results deviate slightly from the theoretica! 

predictions for this system. However, the thermadynamie data for gaseaus 

(Na81J..!)2 and gaseaus Na281+07 have been extrapolated from datafora 

limited tempersture region, this may lead to some errors in the 

theoretica! results. 
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Figure 3.20: Phase diagram for system Na20-B2 03 ref. [10]. 

3.4 Conclusions 
Theoretica! calculations based on thermodynamica to evaluate the 

condensation products expected in exhaust gases of glass furnaces have 

been compared with experimental studies of simulated flue gases on 

laboratory scale. In most cases the theoretica! approach is consistent 

with the experimental observations. 

The nature and presence of the cond.ensation products estimated by 

thermadynamie calculations resembie in most cases the analysed 

condensation products obtained during the experimental studies. However, 

according to the theory the onset of condensation takes place at a 50 to 

100 K higher tempersture than observed experimentally. 

The delay in condensation during the laboratory experiments is partly 

caused by resetion kinetic limitations. Especially in case of 

sodium sulphate condensation the experimental dew point deviates 
considerably (more than 100 K) from the theoretica! dew point. 
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Sodium sulphate formation takes place in at least four steps, by 

reactions of NaOH with SQz or 503 • The resetion rates for this conversion 

seem to be rather slow resulting in a dew point lower than 

thermodynamically expected. The flue gases studied in this chapter are 

gases from different kinds of glass furnaces. 

1. Soda-lime glass fumaces 

Exhaust gases from soda-lime glass furnaces contain sodium, chloride and 

sulphur compounds. At flue gas temperatures above 1300.K- 1400 K these 

compounds exist mainly of gaseaus sodium hydroxide, sodium chloride, 

sulphur oxides and hydragen chloride. According to calculations with the 

thermadynamie model sodium sulphate condensation sets on at temperatures 

below 1300 K - 1400 K. The experimentally derived dew points for sodium­

sulphate in these exhaust gases range between 1220 K and 1300 K. Higher 

sulphur concentratien in case of firing with heavy oils increases the 

gaseaus sulphur oxide concentrations and slightly·increases th~ sodium­

sulphate dew point. 

High furnace temperatures and higher flame veloeities enhance the 

volatilization of sodium compounds from the melt resulting in increasing 

concentrations of condensed sodium sulphate in the exhaust gases. The 

volatilized chlorides cause a deeresse in the dew point tempersture for 

sodium sulphate. Addition of lime stone influences the condens~tion of 

sulphates by formation of gypsum (CaS~), magnesium oxides hardly react 

with flue gases from soda-lime furnaces. Sodium chloride and sodium 

carbonate may condense below 1100 K from sulphur lean flue gases. 

2. Borosilicate glasses 

From borosilicate melts containing large amounts of sodium oxide, 

components like sodium metaborate and metaboric acid volatilize rather 

fast. Sodium metaborate and other gaseaus components are converted to 

condeneed sodium sulphate during the cooling of the exhaust gases in case 

of oil-firing. 

This condensation sets on at lower temperatures than in case of boron 

free flue gases. Boron keeps the sodium in the gaseaus state as NaB02 

resulting in decreasing dew points for the other sodium components Oike 

N~SO~). In flue gases of a gas-fired furnace sodium metaborate and 

occasionally sodium tetraborate condense at lower temperature$ than 

sodium sulphate condensation normally sets on. 
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For high boron and sodium concentrations, condensation of sodium tetra­
borate is favoured in the tempersture range between 800 K and 1200 K 

according to the equilibrium calculations. In sulphur lean flue gases 

with sodium and boron concentrations up to 250 volume-ppm, sodium 

metaborate condensas below 1150 K - 1250 K which is confirmed by the 

experiments. The remsinder of boron not condensing as NaB02 or Na2B~07 is 

mainly present as gaseaus metaboric acid (HB02) above 1200 K but reacts 

to gaseaus boric acid (H3 B03} below this temperature. 

Reactions between potassium and baron compounds are similar to the 

reactions between sodium components and boron species, causing 

condensation of KBO:z or K2 B~~. 

3. lead glass furnaces 

Exhaust gases of lead glass furnaces contain considerable amounts of 

gaseaus lead components as lead oxide, atomie lead and lead hydroxide. In 

sulphur lean flue gases of natura! gas fired furnaces lead oxide 

condenses mainly between 1180 K and 950 K. Polymerisation of gaseaus PbO 
to PbnOn (n = 2 till 6) influences the condensation behaviour near 

the dew point (1100 K - 1200 K). Lead monoxide is converted into Pb3 0~ 
below approximately 700 K. Experimental studies confirm this conversion 

and the presence of these condensation products in simulated flue gases. 

Experimental work and calculations have shown that in sulphur rich flue 

gases from oil-fired lead glass furnaces, lead sulphate components or 

occasionally combinations between lead oxide and lead sulphate condense. 

The condensation of sulphates sets on at temperatures lower than PbO 

condensation, aften below 1050 K. From simulated flue gases of lead glass 

furnaces with smal! amounts of sulphur oxides components like PbO.PbS~ 

and 2PbO.PbS~ have been found. 

Condensation of potassium sulphate or sodium sulphate generally takes 

place at higher temperatures than the formation of lead sulphates. In 

flue gases containing sulphur as wel! as lead and alkali components, lead 

possibly reacts with the excess of sulphur after formàtion of alkali 

sulphates. The remaining lead components are converted into lead oxides. 

The dust consiste for this case of alkali sulphates, lead sulphate and 

lead oxides. 
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NII4ENCLATURE DIAPIER 3 

K(T) 

Pi 

Pf 
p.p.m. 

equilibrium constant at tempersture T 

partiel vapour preesure component i (atm) 

saturation pressure component i (atm) 

volume fraction (assumed as gaseous elements) in 10-6 m3Jm3 

tempersture at step i (K) 

tempersture step reaction time defined in section 3.2.3.1 (s) 

Greek symbol 

~c characteristic resetion time defined insection 3.2.3.1 (s) 
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4. BOUNDARY LAYER MASS TRANSPORT IN DEPOSITION PROCESSES 

4.1 Introduetion 

Thermadynamie equilibrium calculations can be eerried out to determine 

the chemica! composition of the main flue gas flow in regenerators or 

recuperators when kinetic limitations are neglected. 

The equilibrium model, however, provides no direct information about the 

processas occurring at 'cool' surfaces along which the flue gases flow in 

regenerators or recuperators. In this chapter, the influence of the 

relatively cool surfaces (recuperator wall, tube surfaces or brick 

surfaces in regenerators) on chemica! reactions and depaaition processes 

is described with a model composed of mass transport equationa and 

thermochemical equilibrium equations. 

This model is basedon a theory from Rosner et al (1, 2, 3] a~d is called 

the Chemically Frozen Boundary layer theory (CFBL-theory). By means of 

this model the nature of deposition products and the depaaition rate for 

flue gas components condensing at the 'cool' surfaces in the flue gas 

channels is determined for different cases in this chapter. 

The validity and applicability of this model has been studied' in this 

chapter by camparing the theoretica! results with experimental results 

for depaaition from flue gases. 

Two different kinds of laboratory set-ups are presented in this chapter. 

One set up was used to study the applicability and the restrietlans of 

the CFBL-theory and the depaaition of salt components on a cylinder 

positioned in cross flow configuration in a flame. The flame is doped 

with inorganic material to simulate certain flue gas compositions. 

The second set-up consists of a channel for simulated flue gase to study 

the deposition behaviour at different locations in this channel. 

The experiments have been carried out to simulate the situaUon in 

regenerators or recuperators on laboratory scale. 

A model based on the CFBL-theory has been developed to calculate 

theoretically the deposition rates for these two experimental cases. An 

extension of these models to predict deposition rates in regenerators or 

recuperators of industrial glass furnaces is presented in chapter 5. 
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4.2 Theorie& describing .aas transfer and deposition at cold surfaces 

5everal theories have been given in the literature to describe the 

deposition mechanism of salt components from flue gases of several 

cambustion systems. Brown [4] suggested a method to establish depaaition 

rates for sodium sulphate from cambustion gases. 

The transport rate of the condensing component was described by relation 

(4.1) for his collector geometry: 

0.34 B V~ p )112 
m :: --..,...,..--....,...,-,-- • (-..!.-!:..-, 

5c2/3 • Pr1/3 o 
(4 .1) 

The driving force is presented as the dimensionless number B. Brown 

defined B as the difference between the sodium sulphate mass fraction in 

the main stream and the maas fraction in the gaseaus phase near the 

depaaition surface. According to Brown's interpretation condensation 

within the boundary layer caused a reduction of the value for B, 

reauiting in decreasing depaaition rates. 

At temperatures below 650 ° C the condensation took place mainly in the 

boundary layer, equation 4.1 fails to describe depaaition rates for 

sodium sulphate below 650 ° C. This model may be used as a first approach 

to determine depaaition rates from exhaust gases, but there are some 

restrictions. 

Brown assumed that all the sodium in the main gas flow existed as sodium 

sulphate and that the deposition rate was determined by the transport of 

N~ 50,. only. 

Thermadynamie calculations however, show that sodium sulphate is only a 

minor constituent of the sodium and sulphur containing species in these 

exhaust gases. The transport of the sodium sulphate constituting elements 

takes place by molecular transport of NaOH, Na, 502 and 503 mainly. 

Large tempersture gradients within the boundary layers may influence the 

diffusion of molecules and small particles; for some situations these 

effects cannot be neglected. 5rivastava [ 5] derived the relevant 

differentiel equations to describe the influence of thermal diffusion and 

variabie properties of the gas phase (like p, cp, ~)on mass transfer. 

The description of Srivastava's approach is beyond the scope of this 

dissertation but the main conclusions from his work were: 
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The species equation is of the form: 

öV. ö V. ö2V. 
1 (v - V ) --

1
- = pD 

1 + r"' pu - p ö 2 x s Öy y i ,eff (4.2) 

where u and v are the veloeities in x and y directions and Vi' the mass 

fractions of the diffusing component. The definition of Vs is given by 

(4.3) and the definition of ri''eff by (4.4). 

ö (pD) ó ln T 
V -- + P D o: 
s p öy öy 

(4.3) 

ö ó ln T ~} r• •' = {-(P D o: • V 
i,eff öy öy i 

(4.4) 

Vs may be seen as a suction-like effect on species transport~ 

constituting of a part associated with thermal diffusion (p Do: ~) 
' öy 

and a part associated with the variety of pD in the boundary layer. For a 

positive value of Vst the transport rate towards the wall is' enhanced, 

therefore v9 is called a suction term. 

The relation for r~··ff may beseen as a souree-term like terms occurring 
1,e 

in differentiel equations for maas conservetion with chemica! 

conversions. These two effects, v and r!''ff influence transport rates, s 1,e 
according to Srivastava, especially in cases where high tempersture 

gradients exist. More convenient for practical use is the CFBL-approach 

proposed by Rosner. 

Rosner assumed in his model that no chemica! reactions occur in the 

boundary layer itself. For situations where only gaseaus molecules or 

very small particles (with molecular transport behavior) are transported 

to the deposition surface Rosner gave the following relation (4.5): 

J. =- 0i,b *p *Sh.* F.(soret) * F(turb) * 
i L b 1 1 

(4.5) 
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where: 

F. (turb) 
1 

is a correction term for thermo-diffusional effects 

is a correction term for non-constant properties of the 

gaseaus phase in the boundary layer 
is a correction term for turbulences or recirculation in the 
boundary layer. 
a thermophoretic parameter (given by equation (4.6) 
are the mass fractions for component i at respectively bulk 
and wall positions 
characteristic length of submerged obstacle (m) 

diffusion constant for component i in the bulk flow (m2/s) 

density of bulk gaseaus phase (kg/m3 ) 

Sherwood number for component (molecule) i. 

The following assumptions are made in this model: 

1. The boundary layer is chemically frozen, meaning no chemica! 

converslons or condensation take place in the layer itself. 

2. The gas phase at the outer edges of the boundary layer (in the main 

stream and at the deposition surface) is in chemica! equilibrium; 

resulting in condensation of components with vapor pressures reaching 

the saturation value. 

J. The ratio of the transport rates of the different chemica! elements 

transferred by several gaseaus components equals the ratio of these 

elements in the condensing material. 

For example, in case of sodium sulphate (N~S04 ) deposition, the net 

transport rate of sodium (transferred as NaOH, Na, Na2S04 NaCl etc.) has 

to be twice the net transfer of sulphur (transferred mainly as 502 , 503 

or N~ 504). 

This methad requires the simultaneous salution of the transport rates for 
each component and the evalustion of the,equilibrium composition at the 

deposition surface and in the main gas flow, so that ássumption J is 

met. The equilibrium composition has to be calculated according to the 

methods described in chapter J. 
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Rosner's method is chosen to describe the deposition of aalt components 

in flue gas channels, recuperators or regenerators of glass furnaces. His 

CFBL-theory describes deposition processes more completely than Brown, 

taking thermal diffusion and transport of gaseous components .constituting 

the deposition products into account. 

The derivation of the parameters used in Rosner's formula (4.5) is 

described in the next section. The assumption of a Chemically Frozen 

layer in Rosner's model appears to be adequate enough for our purposes. 

Srivastava's method is leas convenient to describe deposition processes 

for our cases. 

4.2.1 Derivation of Mass Transport Parameters 

The mass transport parameters occurring in equation (4.5), tre diffusion 

coefficient IDi, the Sherwood numbers Shi, and the thermal diffusion 

parameters "'i and Fi(soret) have been derived by methode pre~ented in 

this section. 

Oiffusion coefficients • 

The numerical values for the diffusion coefficients of gaseous inorganic 

molecules like NaOH, NaCl, S~, S!Js, N~ SDt. etc., in a gas Q• may be 

estimated by the following Chapman-Enskog relation (Bird, Stewart and 

Lightfoot [ 6]): 

Dl 
i,g 

= 5.875 1Ö21 * V T3 
(1/Mi + 1/Mg) 

P * cri,g * ai,g 

where: 

p is the absolute preesure (P) 

(4.6) 

cr. Lennard-Jones (LJ) parameters, estimated by (cr. + cr )/2, with cr. l,g l g l 

c. l,g 

the LJ-diameter of a gas molecule i and crg the LJ diameter 

of a average gas molecule g 

is a dimensionless function of the tempersture and of the inter­

molecular potentiel field for one molecule i and one 'molecule g. 

Mi,Mg is the maas of one mole of respectively gas molecule~ i and the 

mean gas molecules g. 

T is the absolute tempersture (K). 
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The diffusion coefficients for gaseaus molecules in a cambustion gas, g 
are given for three temperatures in appendix A as calculated by equation 

(4.6). 

Sherwood numbers 

The dimensionless correlation factor for maas transfer, the Sherwood 

number, depende on the configuration of the gas flow around an obstacle. 

For well-defined geometries of these absteeles semi-empirica! relations 

have been proposed by several investigators. Bird, Stewart and Lightfoot 

[6], gave relations between the Sherwood number and the number of 

Reynolds and Schmidt for cylindrical flow, flows around spheres and flows 

along flat surfaces under laminar and turbulent conditions. 

Ther.odiffusion terms 

The evalustion of the thermophoretic parameter ~i or the correction 

term Fi(soret) is more complex. According to Rosner et al [2] the value 

for ~i may be estimated from reletien (4.7): 

~.=a:. * (Le. )0
"
4 * [(T - T )/T] 

1 l,W l,W e W W 
(4.7) 

where: 

Le. is the Lewis number (given by equation (4.7a)) at wall conditions 
l,W 

o:i,w is the thermal diffusion factor (given by equation (4.7b)) 

T ,T are respectively the main gas flow tempersture and the tempersture e w 
at the wal! ar depaaition surface (K) 

Le. = ID * p * c A 1,w i,g w pw w (4.7a) 

and 

(4.7b) 

The values for a_ and o:_1 for saveral components are given in appendix 

B, these values are derived from [ 2] or from considerations given by 
'Rosner [ 7] • 
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Fi(soret) is a function of ~i· In the case of deposition from hot 

gases on colder surfaces, the value for r!''ff defined by equation (4.8) 1,e 
can be neglected. 

Rosner [7] showed that forthese situations Fi(soret) may be 

approximated by: 

F.(soret) = --t./(1-exp(--t.)) 
1 1 1 

Correction ter. for non-constant properties 

(4.8) 

The di fferential equation of formula (4. 5) consists of parameters that 

change in value across the boundary layer. The values of Di, a and p 

depend on the gas temperature. It is clear that a correction term 

F(ncp) has to be included in the mass transfer equation of formula 

(4.5). Rosner [7], however, concluded from exact calculations that for 

most cases this factor is close to one, for our purposes this correction 

can be neglected and F(ncp) is approximately by unity. 

Correction term for turbulences in the boundary layer 

The deposition rates for salts from exhaust gases at cooler surfaces are 

generally enhanced by recirculations ar free stream turbulences in the 

boundary layers. 

F(turb) depends on the turbulence intensity and turbulence scale. 

Relations for F(turb) are rare, but for smooth and only slig~tly curved 

surfaces, F(turb) does nat differ signi ficantly from unity. For most 

cases the correction by F(turb) is neglected in formula (4.5). 

4.3 CFBL-predictions for depaaition from exhaust gas on a relatively cool 

surface 

In this sectien the application of the model based on the CFBL-theory is 

shown for an experimental case. Deposition of different salts has been 

studied on a cylindrical surface positioned in cross flow configuration 

in a flame doped with inorganic material. The experimental results are 

compared with the theoretica! calculations for several cases. 
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From this comparison the applicability and the restrictions of the model 
are derived and given in section 4.4. With the experimental data and the 

theoretica! model the nature of the depaaition products and the 

deposition rates are determined. 

The application of the theoretica! model to describe depaaition processes 

in flue gas channels simulating regenerators or recuperators, is given 

and compared with experimental results in section 4.5. 

4.3.1. Experimental procedures 

Evalustion of the proposed theory has been carried out by camparing CFBL­

calculations with experimentally determined depaaition rates on a 

platinum cylinder in cross flow configuration in a simulated flue gas or 

flame. The laboratory experiments have been carried out with an 

air-caoled cylinder in a propane-air flame doped with inorganic 

substances as shown in figure 4.1. To obtain a homogeneaus surface 

tempersture this cylinder is rotated around its axis at rotstion speeds 

{the Reynolds number for the rotstion velocity << Reynolds number for gas 

flow around cylinder) that hardly influence the flow characteristics of 

the exhaust gas. The diameter of the cylinder is 15 mm. 

The flame tempersture is approximately 1750 K and the surface tempersture 

has been varied between 800 and 1300 K. In all cases an air excess is 
adjusted to a value between 4 and 12% for the cambustion of propane. 

air outlet 

ther.ocouple 

Figure 4.1: Experimental equipment 

to study deposition on 
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Deposition of Na2SO~tt NaB02t NaClt K2SÖ~t, PbO or Pb30if and PbSO~t has been 

studied with this equipment. The flue gas compositions are given in table 

4.1. 

The following relation has been used for the value of the Sherwood 

numbers for this case [6]: 

(4.9) 

4.J.2 eo.parison of experiMental results with CFBL-predictions for the 

deposition on cylindrical surfaces in cross flow confi~ration. 

lable 4.1: Flue gas composition in volume%. 

F'lue gas 

1 2 } 4 5 6 7 8 

omposition 

f-20 15.2 15.2 15.2 15.2 15.2 15.2 15.2 15.2 

O:z 2.3 2.3 2.3 2.3 2.3 2.3 2.3 2.3 

N:! 71.5 71.5 71.5 71.5 71.5 71.5 71.5 71.5 

Ar 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 

c~ 10.1 10.1 10.1 10.1 10.1 10.1 10.1 10.1 
Na 3. 1fi3 variabie 7.5 1fi3 - 2 1fl5 7.5 11P - -
B 6. 1ö3 - - - - - - -
s - variabie 3.75 1i? 5 11f 31cr - - 8 1fi3 
Cl - - 3.75 1öl - - 7.5 10 - -
Pb - - - - - - 41öl 4 1ö' 
I( - - - 5 1ö' 2 1ö5 - - -

Sodiun metaborate deposition 

Exhaust gas number I in table 4.1 simuiatea the flue gas to be found in 

regenerators or recuperators of sodium-borosilicate glass furnaces. From 

our experimental studies and calculations it is concluded that at surface 

temperatures above 1000 K only sodium metaborate (NaBÜ2) condenses. 
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The deposition rate (in mg NaB02/cm2 .hr) determined at different cylinder 

temperatures is presented in figure 4.2, curve I. Experimental results 

(not presented in this figure) show that the deposition rate is 

independent of the duration of the experiment. The deposition rates are 

approximately proportional to the concentratien of the dopants (sodium 

and boren) below 1100 K. Curve II presents the deposition rates 

calculated with the CFBL-model for the same flue gas composition as for 

the experimental case. 

Appendix C shows the calculation procedure for this deposition process. 

The experimentally derived dew point is approximately 40 K lower than the 

theoretically calculated dew point. The maximum deposition rate is 

experimentally measured at a surface tempersture of 950 K, at lower 

temperatures this rate (curve I) decreases slightly. The theoretically 

determined rates for sodium metaborate deposition increase at 

temperatures decreasing from the dew point tempersture till 1050 K. Below 

1050 K these deposition rates remsin constant according to the 

CFBL-approach. 

l.O 

0.8 

!: • ~ 
c';: 
~-': 0.6 

;" 
WN 
~ e 
• u 
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• s ... ~ 

0.4 

0.2 
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-;" 

900 

Flue gaa no. 1 

experiment al 

l.l_ 
...... 

........ 

1000 

theoretica! 

1100 
surface tnrperature (K) 

1200 

Figure 4.2: Deposition behaviour of sodium metaborate from a flame doped 

with boren and sodium on a cylindrical surface in cross flow 

configuration. 
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From the comparison between theory and experimental results it is 

concluded that the absolute values for the depaaition rates below 1100 K 

are fairly predictabie with the CFBL calculations. 

The change in depaaition behaviour is determined by the theoretica! model 

for an exhaust gas with a dopent enrichment of.50%. 

The dew point shiftstoa 15K higher tempersture end the maximum 

depaaition rate increases nearly 50~. The main species transported in the 

boundary layer towards the surface are NaOH, NaB02 and HB02 (below 1100 

K) and from the surface, li3 BOa. 

The resetion preceeding sodium metaborate deposition is: 

NaOH(g) + HB!lz (g) t NaB02 (g) + H2 O(g) 

Sodium sulphate deposition 
· Deposition of sodium sulphate is the most important process for the 

pollution of regenerators of soda lime glass furnaces. Chemica! analysis 

of deposition products in a container glass furnace was eerried out. For 

checker temperatures below 1300 K, the deposit consists at least for 80% 

of N~S(\. 

The experimentally derived deposition behaviour of sodium sulphate from 

flue gas number 2 is presented by figure 4.3a with the dopent 

concentration as a parameter. CFBL-calculations have been eerried out for 

the same situation. 

. . 20 ppm Na 20 ppm S --.--
• 50 ppm Na 50 ppm S • 

. • .. ,; ... . .. 75 ppm Na 75 ppm S 

-~--- 100 ppm Na 100 ppm S ,_ 

Various types of linea indicating different situations in figure 4.3 
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Figure 4.3a: Experimentally derived depaaition rates for sodium sulphate 

on the cilinder in cross flow configuration. 
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Figure 4.Jb: Deposition of sodium sulphate at cilindrical surface in 

cross flow configuration according to the CFBL-theory. 
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According to the CFBL-theory the transported species are mainly NaOH, Na, 

502 and 5D]. For the formation of sodium sulphate at least three or four 

reaction steps are required see sectien 2.2.1. As mentioned eerlier the 
CFBL-model assumes chemica! equilibrium in the gas phase near the 

deposition surface. However, it is questionable whether this assumption 

is realistic for the complex situation of NB25~-formation. Figure 4.3b 

reapresente the deposition rates calculated with the CFBL modèl for the 
same situations as the experimental cases. 

The magnitude of the values for deposition rates calculated by the 

theoretica! model are in good agreement with the experimental values. 

The experimentally derived deposition rates for sodium sulphate decreaeed 

below 1050 K for high dopant concentrations. The CFBL-theory however, 

prediets a constant depaaition rate at temperatures below 115ID K. The 

difference may be. due to homogeneaus nucleation within the boundary layer 

(section 4.3.2), which may take place especially at high dopant 

concentrations and at high supersaturations for temperatures far below 

the dew point. 

Depaaition rates are expected to deeresse as a result of thes~ nucleation 

processas at temperatures below 1100 K. The maximum depositioh rates 

derived from experimental results and the CFBL calculations are listed in 

table 4.2. 

Table 4.2: Maximum depaaition rates for sodium sulphate at a cylindrical 

surface in cross flow configuration. 

dopant concentrations maximum deposition maximum deposition 

volume-ppm rate (experimentally) rate (CFBL) 

(mg/cnf .hr) (mg/cm2 .hr) 

Na 20 5 20 0.38 0.28 

50 50 1.04 0.70 

75 75 1.17 1.04 

100 100 1.60 1.40 
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The rather smal! deviations between the experimentally derived maximum 
rates and the CfBL-predictions are 25-30% for low dopant concentrations 

and approximately 15% for the high dopant 'loaden flue gases. CfBL­

calculations slightly overestimate the maximum depaaition rates in these 

cases. However, the high degree of uncertainties in the determination of 

the transport parameters (diffusion constant, Sherwood relation) might 

explain this difference. 

large discrepancies between the experiments and the theoretica! 

calculations have been found for the dew points of sodium sulphate. for 

the flue gases doped with 20 volume-ppm sodium and sulphur this 

difference is 160 K and for the flue gases with 100 volume-ppm dopants 

this deviation amounts to 120 K. 

With the cylindrical surface in cross flow configuration and flue gas 

veloeities of approximately 4 mn/s, the boundary layer thickness is a 

few millimetres. for the high maas transfer rates in these situations the 

depoeitien rate may also depend on condensation kinetic limitations at 

the depaaition surface. To study this effect we calculated the depaaition 

of sodium sulphate in the case that the supersaturation value for the 

onset of sodium sulphate eendensstion amounts to 10. The deposition rates 

for sodium sulphate for this case have been presented in figure 4.4. 

The value 10 for the supersaturation factor is chosen arbitrarily, but 

from the results it is clear that condensation kinetic limitations have a 

considerable influence on the dew point value for sodium sulphate 
deposition. 

The dew points for the experimental and theoretica! results are 

summarized in table 4.3. 

To explain the experimentally derived dew point we would have to assume 
supersaturation factors larger than 100. Besides condensation kinatic 

limitations however, reaction k1netic limitations may cause a delay in 
the eendensstion of sodium sulphate. 

The lack of data for the resetion kinetic parameters for sodium sulphate 

formation from sodium hydroxide and sulphur oxides makes it difficult to 

determine the importsnee of the resetion kinatic limitations. 
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Figure 4.4: Depaaition rates for sodium sulphate on a cylindrical surface 

in cross flow configuration in the flame, according to CFBL 

calculations assuming superaaturation values of 10. 

Table 4.3: Dew point values for sodium sulphate at a cylindrical surface 

in cross flow. 

dopant concentrations dew point (K) dew point (K) dew point (K) 

volume ppm experiment al CFBL super- CFBL super-

saturation=1 saturation=10 

Na 20 s 20 1120 1290 1252 

50 50 1190 1338 1290 

75 75 1237 1362 1310 

100 100 1263 1377 1328 
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A resetion mechanism for sodium sulphate formation might be: 

+ 0 

+ zo 
+ SÜ3 

S03 + NaOH + 

NaHSil. + NaOH + 

The first two steps, involved in the formation of sulphur trioxide are 

known to be slowly proceeding conversions, when no catalysing agents are 

present. 

The sulphur trioxide concentratien near the depaaition surface is 

negligible as the two following resetion steps are relatively fast. 

From these considerations we believe that the CFBL-theory provides a 

calculation methad to determine N~S~ depaaition rates for these cases 

at lower temperatures than 150 K below the theoretica! dew point. 

Depaaition of sodium sulphate from flue gases with chloride additions 

The depaaition rate of a condensing component can be altered by the 

presence of other impurities in the flue gases. These impurities ~o not 

necessarily participate in the depaaition product but they can change the 

nature of for instanee the sodium compounds in flue gases from glass 

furnaces. 

Exhaust gases from glass furnaces using synthetic soda ash, contain 

2.10-2 till 5.1o-2 volume-% chlorides. Although, no or almest negligible 

amounts of chlorides deposit in regenerators of soda-lime glass furnaces, 

the depaaition of sodium sulphate sets on at lower temperatures for 

increasing chloride amounts. 

The depaaition of a flue gas with 3.75 10-2 volume-% Cl, has been studied 

in our laboratory in the Same set-up as mentioned previously. The 

experimentally derived depaaition rates for flue gas number 3 from table 

4.1 is presented by figure 4.5 and compared with the calculations of the 

CFBL-approach. The deposition rates for the same flue gas without 

chlorides are also presented in this figure. from the theoretica! results 

as well as from the experimental results it may be concluded that the 

presence of sodium chloride in the flue gas causes a deeresse in the dew 

point temperature. 
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Figure 4.5: Sodium sulphate deposition on a cylindrical surface in the 

flame with and without chloride additions. 

Chlorides tend to keep the sodium in the gaseous phase. This process 

interferes with the sodium sulphate deposition. Remarkable is the 

increasing deposition rate at temperatures below 1100 K in case of 

chloride addition to the flue gas. 

The reason for this behaviour is not known and cannot be explained by the 

CFBL-theory; to which extent chemica! reactions in the boundary layer 

accelerate the mass transport process in this case is not clear. 

It can be seen that the tempersture region, where the deposition 

increaaes from zero to a maximum rate, is much larger for the 

chloride-doped flue gaaea. The same behaviour is expected for 

condensation processes in t.he main flue gas flow reauiting in sodium 

sulphate dust. 

For chloride lean gases condensation takes place till tempersture 150 K 

below the dew point. But for exhaust gases with chloride additions the 

condensation procesa exceeds a tempersture region of 250 K. In practice 

this may have an influence on the partiele sizes of the duat formed by 

these condensation processea. The ratea of nucleation and nucleus growth 

of the saturated vapors is different for a chloride lean and a chloride 

rich flue gas. lt is expected that chloride free flue gasea produce 

particles with smaller sizes than the chloride rich ones. 
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Deposition of potasslum sulphate from simulated flue gas 

Another case, where chemical converslons at the deposltion surface may 

lnfluence the deposition rate, is the condensation of potasslum sulphate 

(K2 SO~). formation of potassium sulphatè is expected to be simllar to the 

conversion of flue gas constituents lnto sodium sulphate. 

If the conversion of SQz into S03 is the resetion limiting step in bath 

the depaaition of Na:zSDJ. and K2SDJ., this will influence the depaaition 

rate in a similar way. 

,...... 
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figure 4.6: Experimentally and theoretically (CfBL) derived rates for 

potassium sulphate deposition on a cylindrical surface in 

cross flow configuration. 

Figure 4.6 represents the dependenee of the potassium sulphate deposition 

rates for flue gas number 4 on surface temperature. Indeed the theoretic­

ally determined depaaition curve also indicates a large dlfference 

between the experiments and the CFBL-predictions for the potassium 

sulphate dew point. This difference of approximately 120 K is comparable 

with the differences for the similar cases for sodium sulphate 

deposition. Depaaition of potassium sulphate decreases rapidly at 

temperatures below 1000 K. In this case the effect is even stronger than 
for sodium sulphate. 

-133-



From the similarity between the depaaition of both alkali sulphates it 
seems that the same phenomena take place: 

- At high temperatures condensation or reaction kinetic limitations 

prevent depaaition at the theoretically determined dew point. 

- For temperatures lower than 1000 K, homogeneaus condensation within the 

boundary layer causes a diminishing mass transfer towards the 

deposition surface. 

For the case of a flue gas with only sulp'·ur and p'ltassium only potassium 

sulphate has been determined by means of X-ray diffraction in the whole 

tempersture range under investigation. 

Simultaneous sodium sulphate and potasslum sulphate deposition 

From furnaces producing glasses with potassium and sodium, exhaust gases 

are obtained with dust existing of combinations of sodium and potassium 

sulphate. From flue gases with equal amounts of sodium and potassium, 

sodium sulphate condenses first. At a somewhat lower tempersture 

potassium sulphate deposition or condensation sets on. 

The total amount of deposited material (K2 S~ + N92SO~) at th~ 
I 

cylindrical surface is presented by figure 4. 7 for flue gas s.f The molar 

ratios of potassium and sodium are presented in the same figure. 

These ratios have been determined by means of chemica! analysi~s with an 

atomie emission spectrometer. 
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First sodium sulphate is formed at 1210 K without potassium sulphate 
deposition. The potassium sulphate/sodium sulphate ratio increases from 

zero at 1180 K to 0.8 at 800 K. The total rate of depaaition reaches a 

maximum at 980 K, below this tempersture the total deposition rates 

deeresse at 800 K to 50% of the maximum rate. 

The calculations based on the CFBL-model also predict increasing 

potassium/sodium ratios from 0 to approximately 0.85. Although the 

CFBL-model underestimates the maximum depaaition rates for the 

ene-component depaaition experiments, the model overestimates the maximum 

deposition rate for this case with a maximum of 20%. The dew point 

determined by means of the CFBL model differs only 80 K with respect to 

the experimental value. From both the experimental results and the 

theoretica! results it may be concluded that the deposition of potassium 

sulphate sets on at a 30 K lower tempersture than the sodium sulphate 

deposition. This difference is mainly due to the difference in 

thermadynamie properties of these components.The calculations do not take 

into account the formation of a liquid or solid mixed alkali sulphate 

phase. The assumption is made that K2 S!lq and Na2 504 condense as pure 

phases. 

However, X-ray analysis of the depaaition products shows the presence of 

10%-15% KNaS~ and K3 Na(S04 ) 2 tagether with sodium sulphate V. According 

to preliminary thermadynamie calculations, only a slight change in the 

theoretically determined deposition rates may be expected from the 

formation of mixed alkali sulphates. 

Deposition of sodium chloride 

From sulphur lean flue gases of glass furnaces, deposition of NaCl might 

take place, but the conditions for this phenomenon wil! hardly be met in 

real furnaces. 

Mainly the depaaition of sodium chloride was studied since in this case 

but one or two reactions preeeed the condensation at the surface. 

Sodium chloride has a rather simple depaaition mechanfsm in which 

resetion kinetic limitations hardly influence the depaaition rate and is 

therefore interesting to prove the CFBL-theory.The exprimental depaaition 

curve and the CFBL-derived deposition dependenee on the surface 

tempersture are given in figure 4.8 for flue gas number 6. 
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Figure 4.8: Experimental and CFBL predicted deposition rates for sodium 

chloride on a cylindrical surface in cross flow 

configuration. 

The CFBL-curve deviates only slightly from the experimentally determined 

deposition rates. From these observations it may be concluded that for 

the rather simple deposition mechanism of NaCl-condensation on the 

cilindrical surface, the CFBL-theory gives accurate results. 

Of COtJrse, if eendensstion kinetica limit the deposition of salts near 

the theoretically calculated dew point, this would also limit NaCl 

deposition. This, however, has not been observed, and so it ~s assumed 

that deposition of salts is primarily limited by resetion kinetica. 

lead oxide and lead sulphate deposition 

So ·far only deposition products and rates from exhaust gases of 

borosilicate and soda-lime glass furnaces have been investigated. lead 

oxides are rather volatile components in lead glass melts and lead 

components are generally the main impurities in exhaust gases from lead 

glass furnaces. 

Deposi ti on rat es for lead. compounds from simulated flue gases with and 

without sulphur have been determined with the cylinder in cross flow· 

configuration. Figure 4.9 represents the results for lead oxide 

deposition from a sulphur free exhaust gas like flue gas number 7. The 

CFBL theory prediets a 45 K lower dew point than experimentally 

determined for the deposition of lead oxide in this case. 
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Figure 4.9: Deposition of lead oxide from flue gases doped with 40 

volume-ppm lead (Pb) on a cylindrical surface in cross flow 

configuration. 

In the calculations based on the CFBL theory account is taken for the 

formation of eligomers of lead oxide. The calculated dew point shifts to 

a 100 K higher value, if the presence of PbnOn-molecules (n=2 till 6) 

is neglected. 

The presence of oligomer molecules may be overpredicted by the applied 

thermadynamie values for these components. The diffusion constants for 

gaseous lead components are rough estimates and explain the difference of 

the maximum deposition rate for lead oxide, camparing the theoretica! 

results with the experimental determinations. The deposition behaviour of 

lead sulphate is shown in figure 4.10, for a flue gas with sulphur. 

The theoretica! maximum deposition rates for lead sulphate are 

approximately 20% lower than the experimentally derived values. A 

discrepancy of only 40 K for the dew points is quite reasonable. It is 

remarkable that the dew point values of these experiments are higher than 

the dew point calculated with the CFBL model. This is in contrast with 

the other cases. 

This could only be explained by the uncertainties in the thermadynamie 

data for the polymerization reactions, since the dew point tempersture is 

very sensitive to these thermadynamie values. 
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figure 4.10: Deposition of lead sulphate from a flame doped with 80 

volume-ppm sulphur and 40 volume-ppm lead on the cylindrical 

surface in cross flow configuration. 

for the sulphate experiments the delay in deposition below the 

theoretica! dew point has nat been observed. The experimental dew points 

for the alkali sulphates however, are more than 100 K below the 

theoretica! value, probably due to resetion kinetic limitations. 

According to the calculations deposition of alkali sulphate sets on at 

1250 K - 1350 K, at these temperatures the concentrations ofi503 in the 

gas phase are very low. The conversion of 502 into 503 as the first step 

in ·the alkali sulphate formation is probably the limiting step. 

At lower temperatures the formation of 503 is favoured and the reaction: 

takes place. lt is clear that the deposition of lead sulphat.e at 

temperatures below 1100 K is only slightly limited by resetion kinetica. 
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4.4 Application of the CFBL model to describe deposition in glass furnace 
regenerators and recuperators 

Befare using a model based on the Chemically Frezen Baundary Layer theory 

to describe the deposition af far example Na2504 , K2504 , NaB02 ar 

N92B407, PbO and Pb5Ü4 from flue gases in exhaust channels, regenerators 

ar recuperators, it is necessary ta cansider the restrictians of this 

theory. Later (sectian 4.5) in this chapter the depositian in an exhaust 

channel on labaratary scale is experimentally and thearetically 

investigated far different situatians • 

•••• 1 Influence of cne.ical conversion in the boundary layer on 

transport rates. 

The values far the 5herwoad numbers derived fram semi-empirica! 

treatments do not account far chemica! reactians that may take place in 

the baundary layer. Far instance, cansider the transpart af sadium 

hydroxide from the main gas stream thraugh the layer tawards the 

depaaition surface. 

lnside the layer sadium hydroxide may be cansumed by reactians with 502 

ar 503 forming sodium sulphate. This causes a sink term in the 

differentiel equatian of formule 4.2 for sadium hydroxide transport. This 

results in an increasing mass transpart rate far sodium hydroxide 

species tawards the depaaition surface. 

From this point of view it is expected that chemica! reactions in a 

boundary layer near a relatively cool surface enhance depaaition of 

sodium sulphate. 

There is little knowledge about the kinetic parameters for these systems 

and the informatian available is insufficient to calculate the increase 

of the deposition rate as a result of the chemica! conversion in the 

baundary layer, nar is it possible to obtain values for the Damkohier 

ratias. 

Rosner [2] considered the apposite case of a chemically frozen boundary 

layer namely the case of a local thermochemical equilibrium in the entire 
boundary layer. 
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From this consideration Rosner concluded that the dependenee of the 
depaaition rate on tempersture will indeed change if reactions take place 

in the boundary layer itself. A very rough estimate for the molecular 

diffusion time in the boundary layer is given by: 

where: 

ö is the thickness of the boundary layer (m) 

-.di f, i is the transport time of component i through this layer (s) 

An estimate for ö using the value for the Sherwood number is: 

ö "' L/Sh 

where: 

(4.10) 

(4.11) 

l is characteristic length of the surmerged obstacle, or the diameter 

of u.e tube on which depaaition take place (m). 

For regenerators ö ~ 0.01 m. mi as a function of tempersture is 

presented for different species in Appendix A. Take IDi = 10-4 m2/s then 

-. dif, i = 1 second. 

Especially for temperatures above 1000 K, the relevant resetion times as 

defined insection 3.2.3.1 of this dissertation are lower than this value 

for -. dif' i. 
For these temperatures it is expected that chemica! conversiqn take place 

in the boundary layer. However, for high temperatures inside the entire 

boundary layer the vapor pressures of 50:! and NaOH di ffer on~y slightly 
I 

when regarding a chemically frozen boundary layer instead of a boundary 

layer with equilibrium for every location. 

For most situations the assumption of a chemically frozen boundary layer 

results in a salution adequate for our purposes. 
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4.4.2 Homogeneaus nucleation in boundary layers 

from earlier works of Epstein [8] it is known that nucleation of 

supersaturated vapors mey enhance or reduce mass transport rates through 

boundary layers. Brown [4] suggested that the depaaition rates forsodium 

sulphate from cambustion gases on relatively cold surfaces is reduced by 

homogeneaus condensation processas in the boundary layer, as indicated by 

figure 4.11. 
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figure 4.11: The deposition process according to 8rown ( 4]. 

The effect of homogeneaus nucleation on transfer rates is only measurable 

for nucleation rates above 1018 nuclei /m3 sec. according to Epstein. 

The nucleation rate J is given by relation 4.12: 

P.* 2 a M. s.2 4 1t a 
( _1 )2 1 

) 
1 

exp [ r~ ] J = am . . (4.12) 
kT 1t Na p 3 k T 
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where: 
is the supersaturation ratio component i (pi/Pi*) si 

Pi* 
a 

is the vapor pressure at saturation conditions (Pascal) 

is the surface tension (in case of liquid phases) 

Mi is the molecular weight of component i (kg/mol) 

NA is the Avogadro number 

k is the Boltzmann's constant (1.38 1o-23 J/K) 

am mass accommodation coefficient 

r* is critica! size of nucleus (m) 

p is the density of the flue gas (kg/m3 ). 

(N/m) 

Only nuclei with a radius r > r* can grow infinitely, nuclei with a 

radius r < r* tend to deeresse in size. The supersaturation factor that 

may occur in the boundary layer depends on the ratio of Pi and Pi* in 

the main gas flow. Two examples are given in this discussion: 

Example 1: 

Depaaition from an exhaust gas flow where the actual sodium sulphate 

vapor pressure is 0.1 times. the saturation pressure (Si = 0.1). The 

exhaust gas tempersture is 1600 K and the surface tempersture is chosen 

to be 1200 K. The saturation pressure for sodium sulphate as a function 

of the absolute tempersture is given by reistion (4.13): 

p* = EXP (-0.00494 * T + 26.33 - 44100/T) 
~~ 

The maximum value for J/am may be obtained from equation (4.1~) and 

(4.13) for Pr = 0.1 and Si = 1200 K. 

(4.13) 

This value is approximately 1ol 0 , the critica! value for J/am at which 

the effects of condensation in the layer are measurable is approximately 

1ol 2 or higher. Thus no influence of homogeneaus nucleation is expected 

for this case. 

Example 2: 

Depaaition from an exhaust of 1600 K (with an Si value for sodium 

sulphate of 0.1) and surface tempersture Tw = 1000 K, results in a 

maximum value for J/am of 1014 • At this surface tempersture the 

deposition rates are decreased by diffusional transport (directed from 

the wal!) of the small particles formed near the cold surface. 
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for our purpose the CFBL-theory may be applied for surface temperatures 

above 1000 K in regenerators or recuperators. the CFBL-theory fails to 

describe deposition for exhaust gas temperatures below 1100 K because at 

these temperatures condensation in the main gas flow causes deposition of 

formed dust or particles present in the gas flow. 

4.4.3 Heterogeneaus nucleation 

The growth of already present dust particles in exhaust gases, by salt 

condensation may change the depaaition behaviour. 

According to calculations for the Na2 504 vapor pressures Rosnar concluded 

that heterogeneaus nucleation may be neglected at surface temperatures 

above 1200 K for low concentration gradients and high tempersture 

gradients in the boundary layer: Le ) 0.4. 

(Le = kh/(p cp [))), number of Lewis where kh is the heat transfer 

coefficient). 5o far heterogeneaus nucleation can only be treated in a 

qualitative way because no information is available of the pressnee of 

particles in the cambustion gases and the condensation coefficients for 

sodium sulphate on these particulates. 

4.4.4 Reaction kinatic limitations at the depaaition surface 

Kinatic limitations at the deposition surface may influence deposition 

rates. 

Especially at low temperatures, kinetic limitations as for example the 

conversion of the sodium hydroxide molecules and sulphur oxide molecules 

into sodium sulphate, reduces the deposition rate. 

The conversion of 502 to 5Dg for instanee is a very slowly procesding 

resetion as is shown in chapter 1 section 1.1.1.5. Making the assumption 

that the reaction: 

can be neglected and that the ratio of 502/503 at the depaaition surface 

equals the 502 /5Dg ratio in the bulk gas stream, this considerably 

reduces the rates of depaaition of sulphate at these high temperatures. 
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4.4.5 Transport of condeneed uaterial from the exhaust gas to the 
deposition surface 

At temperatures below 1250 - 1300 K condensation takes place in the main 

gas flow. Below 1000 K nearly all of the available sodium containing 

components have been converted into solid particulates like sodium 

sulphate, sodium metaborate or sodium chloride. Transport of particles 

instead of vapor molecules, plays a part in the deposition processas at 

these temperatures. 

For smooth surfaces, where interception of particles is not likely to 

occur and therefore the transport processas of particulate matter through 

boundary layers is smal! compared to the deposition of vapor molecules. 

The transport process for very small particles, is similar to the 

diffusion of gaseaus molecules and may take part in the depaaition 

processas in the exhaust gas channels. 

However, deposition of particulate matter from exhaust gases, losden with 

dust, is enhanced by an increasing surface roughness, Fernande~ de la 

Mora et al (9), because of the increasing interceptional deposition 

processes. Below main stream temperatures of 1000 K the 'vapor 

deposition' may be neglected and only depaaition of dust from the exhaust 

gases takes place. 

4.4.6 Conclusions 

The deposition of salt components from simulated flue gases or flames on 

smal! cylinders is investigated. The experimental results have been 

compared to study the applicability and restrictions of the CFBL-theory 

for this kind of process. 

The difference between the exhaust gas tempersture and the surface 

tempersture in the cases studied was very large. Besides this, the 

thickness of the boundary layer around the cylinders was very smal!. 

However the CFBL-theory gave quite accurate predictions for the 

depaaition rates of sodium chloride, lead oxide, lead sulphate and to a 
' somewhat lesser degree for deposition of sodium borates. 

For all cases, inclusively the deposition of alkali sulphate, the 

experimental deposition rates are of the same magnitude as the 

theoretically calculated rates. 
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However, the deposition of alkali sulphates sets on at temperatures 100 K 
to 150 K lower than expected from theory. Reaction kinetic limitations 

are possibly the main reasen for this delay in deposition of the alkali 

sulphates formed from alkali hydroxide and sulphur dioxide. 

Taking the severe conditions of the experimental situations into account 

(high temperature gradients, small boundary layer thicknesses), it can be 

concluded that the CFBL-theory provides a basis for calculating 

deposition rates in exhaust gas channels or regenerators. 

4.5 Depaaition processes in cylindrical tubes: A laboratory study. 

The deposition of salt components from simulated flue gases at small 

cylinders has only been carried out to investigate the applicability and 

restrictions of the CFBL-theory for processes of this kind. 

Practical difficulties inhibit the camparisen between theoretica! 

calculations and real deposition rates for the situation of industrial 

regenerators or recuperators. Therefore, we studied the deposition 

behaviour of alkali sulphate, alkali borates and lead oxide in simulated 

flue gas channels on laboratory scale. 

For these cases the reaction kinetic limitations are less important than 

for a caoled cylinder in cross flow configuration in the propane-air 

flame. 

The investigations with the exhaust gas channel are presented in this 

sectien and the experimental deposition rates are compared with the 

theoretica! results for the same situations. 

4.5.1 Equipment to study deposition processes at the inner wal! of 

cylindrical exhaust gas channels 

Sodium, chlorine, sulphur and/or baron containing solutions have been 

atomized into the cambustion air of small propane burners. The burners 

are caoled with air to prevent over-heating. The flue gases from these 

burners have been conducted through a cylindrical channel, presented in 

figure 4.12. Deposition products and rates have been determined at 

several positions of the inner wall of the channel. 
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Figure 4.12: Schematic presentstion of laboratory equipment to. 

determine deposition rates from simulated flue gases. 

Table 4.4: Experimental standerd conditions for the laboratoty 

studies with the cylindrical exhaust gas channel. 

Flue gas tempersture 

Flue gas velocity 

Flue gas Reynolds* number 

Deposition surface temperatures 

Inner diameter cylindrical channel 

Channel height 

Flue gas volume 

Range of Sherwood* numbers 

Tempersture difference central gas 

flow inner wal! surface 

Duration of experiment 

1700 - 700 Kelvin 

4.5 mn/s 

2200 (1700 K) 

4900 ( 600 K) 

1380 - 550 K 

0.026 m 

1.0 m 

1 .44 m3 /min 
n 

± 3.65 (600 K) 

± 12.00 (1700 K) 

400 ± 25 Kelvin 

16 - 24 hours 

* Sherwood end Reynolds numbers are based on the channel diameter. 
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Platinum strips are tightly positioned at the inner wall and the 

tempersture of these strips is measured by means of S-thermocouples 

welded to the platinum. The characteristic experimental values are 

presented by table 4.4. 

Deposition rates of sodium sulphate or sodium metaborate (occasionally 

sodium tetraborates) have been studied in several experiments. 

These rates have been determined at the platinum strips for eight 

positions at the inner surface of the channel. This was done by measuring 

the incresse in the weight per unit of area during eertsin time 

intervals. The qualitative composition of the deposition products were 

analysed by means of X-ray diffraction. The deposition temperatures were 

registered on a recorder and the varietion at a eertsin location was leas 

than 20 K. 

4.5.2 Application of the deposition model for exhaust gas channels 

In the case of an exhaust gas doped with volatile matter from the glass 

melt and flowing through a channel, cooling down from approximately 1700 

K to 900 K, deposition rates can be predicted with the CFBL approach. 

This situation is illustrated by figure 4.12. 
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Figure 4.13: Schematic presentstion of mass transfer process during 

sodium sulphate deposition in exhaust gas channel. 
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The mass conservation equation, governing the mass transport of an 
element component i is given by (4.16) for the stationary situation: 

L 
D. 1,m • F. ( soret) 

l 

{ ( w m. 
l 

w ) + ------,- (4.14) 

where: 

w. 
1 F.(soret) 

l 

~ volume flow of the exhaust gas (m3/s) 

p density of the exhaust gas (kg/m3 ) 

wmj weight fraction of element j in main flow 

z positicin in the direction of the channel axis 

Shi Sherwood number for component i 

~ equivalent channel diameter (m) 

Dim diffusion coefficient component i (nf/s) 

ai ,j weight fraction of element j in component i. 

As specific surface area per unit of channel length (nf/m) 

subscripts: 

i component i 

j element j 

m main gas flow 

w wall positions 

For the case of sodium sulphate deposition, for example, the following 

constraint has to be taken into account: 

n 

[ 'i,N• 
Shi ·P m ... 

·.,>] i~1 • F.(soret).((w -
l 

• D. w ) + 

L 
1 ,m 1 mi Wi 

F.(soret) 1 

2 ·[! Shi ·P m 
F.(soret).((w -w ) + 

"i ·.,) l = ai,S D. 
1=1 

L 
1,m 1 mi wi 

F1(soret) 

(4.15) 
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with i= S02, S03, NaOH, Na, NaCl and 

The Sherwood relation is approximated 

1/3 D 1/3 
Shi = 1.08 * (Re * Sci) (-) 

z 

= 3.65 

Na2so4 • 

by formula: 

D 
Re.Sc.- > 

1 z 5 

D 
Re.sc. - < 5 

1 z 

(4.16) 

Z is distance between depaaition location and flue gas entrance (m). 

Relation (4.15) is valid forsodium sulphate deposition, since the net 

transport rates of sodium (transported as Na, NaOH, NaCl and N92S04 ) has 

to be twice the net transport of sulphur (transported as S~, S03 and 

NaS~). The theoretica! model for the simulation of the experimental 

situation has been extended for the simultaneous depaaition of more than 

one component. 

In our calculations the simplification has been made that the different 

deposition products (like Nsrz SCJ,. and K2 SCJ,.) do not interact. The mixing 

enthalpy is assumed to be zero, however, in the real situation solid or 

liquid solutions may be formed with negative values for the mixing 

enthalpy. X-ray diffraction analysis has shown no resetion or mixing 

between sodium sulphates and sodium borates. Mixtures of sodium sulphates 

and potassium sulphates have been found in the depaaition products 

obtained from our experiments. Preliminary investigations have shown only 

a minor influence on the results when this mixing enthalpy is taken into 

account in the thermadynamie part of the model. 

In this model the transport of condeneed material from the flue gas flow 

through the boundary layer has not been accounted for •. Only transport of 

gaseaus species through the boundary layer has been considered in this 

model. 

At low flue gas temperatures, below 1000 K, nearly all alkali or lead 

compounds have been condensed. This condensation leads to decreasing 

transfer rates of gaseaus components through the boundary layer causing 

decreasing depaaition rates. 
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4.5.3 Deposition rates of sodium sulphate for various flue gas 
COllipOS i ti ons 

Experiments have been carried out with flue gases doped with sulphur, 

sodium and occasionally chlorides. Table 4.5 represents the used flue gas 

compositions and exhaust gas flows. 

Table 4.5: Flue gas simulations for deposition experiments in the exhaust' 

gas channel. 

Experiment number A1 A2 A3 A4 

Total exhaust gas flow ~/s 4.0 10-4 4.0 10-4 4.0 10...;4 4.0 10-lt 

sodium volume-% 1.4 10-2 1.0 10-2 8 10-3 1.6 10-3 

sulphur volume-% 1.4 10-2 1.0 10-2 8 10-'3 8 10-3 

chloride volume-% 7.0 10-2 5. 10-3 - -
carbon dioxide (C~) volume-% 10.3 10.3 10.3 ~ 10.3 

water vapor (H2 0) volume-% 13.8 13.8 13.8 13.8 

oxygen (~) volume-% 2.2 2.2 2.2 2.2 

The experiments, as well as the calculations show that below a eertsin 

temperature (Td) depaaition rates increase very rapidly. Maxi~um 

depaaition rates have been determined at a tempersture defined as Tmax· 

The· experimental results are presented and compared with theoretica! 

determinations for flue gas number A1 in figure 4.14. 

Reaction kinetic limitations for conversion to the deposition, products 

(like alkali sulphate deposition) are less important in these' 

experimental cases with leas large temperature differences within the 

boundary layers as for the cylinder in the flame. Therefore, the 

discrepancies between the theoretically determined dew points and the 

experimental values is smaller than those discuseed in section (4.3). The 

theoretically calculated dew point value is only 60 K higher than the 

experimental one. The experimental curve resembles the theoretica! curve 

but has shifted to temperatures 60 - 100 K lower. 
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Figure 4.14: Deposition rates of sodium sulphate from simulated flue 

gases in a cylindrical tube. 

The theoretically calculated maximum deposition rate at 1200 K is 2.3 

mg/m2 .s, for the experimental case this value is approximately 20% lower. 

The discrepancy between this experimental result and the calculation is 

surprisingly low, taking the uncertainties for the values of the 

transport and thermadynamie parameters into account. 

The theoretica! deposition rates are very low at surface temperatures 

lower than 800 K. In these sections of the tube nearly all the sodium 

components have been converted into condensed sodium sulphate according 

to the calculations. The nod in the theoretica! curve at approximately 

1000 K indicates the onset of condensation in the main flue gas flow. 

The model assumes only diffusional transport of gaseaus species across 

the boundary layers, resulting in a nearly zero deposition rate below 800 

K. Obviously, this assumption is nat fully correct regarding the 

experimentally derived deposition rates til! temperatures of 400 K. The 

results for example number AZ are presented by figure ·4.15. 

Again according to the mathematica! simulation model the deposition sets 

on at a higher tempersture than observed experimentally. The differences 

between the theoretica! approach and the experimental results are similar 

to those of example A1. 
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Figure 4.15: Deposition rates of sodium sulphate at the inner surface of 

a cylindrical tube. 

Camparing example A2 (with 100 ppm sodium) with A1 (with 140 ppm) sodium, 

it appears that the theoretically and experimentally derived dew point 

for A2 is lower, due to the lower sodium concentratien in the flue gas. 

The maximum theoretically derived depaaition rate is 27% lower, for A2 

than for A1; in the experiments this difference is 30% reflect1ng also 

the deposition rate to be decreasing nearly proportionally to the 

decreasing sodium concentration. 

For flue gases only doped with sulphur and sodium the depaaition rate 
appears to be higher above 1100 K compared to chlorine rich flue gases. 

Figure 4.16 shows the depaaition rates for flue gas number A3.: Although 

the sodium and sulphur concentrations are lower than for case A2, the 

depósition of sodium sulphate at 1100 - 1200 K is nearly the same for the 

theoretica! case and even higher for A3 relative to A2 according to the 

experimental determinations. The addition of chlorides causes reduction 

of the maximum depaaition rates and a decrease of the dew point 

temperature. 

Finally the case of decreaeed sulphur concentrations relative to the 

sodium concentration has been studied by flue gas A4 with a sodium/ 

sulphur ratio of 2.0. The theoretica! approach overestimates the maximum 

depaaition rate as in the previous cases. The calculated and 

experimentally derived deposition rates for case A4 are represented in 

figure 4.17. 

-152-



".... 

Cl) . 
N 
Ei ...... 
00 
Ei 

"""' 
Q) Q) 1.5· ...... 
<11 <11 
.c '"' co.. 
.-l 6 ;I 
Cl)~ 1.0 ... 
Ei~ 
:::1 ril 
~ 0 
'OP.. 
0 Q) 0.5 Cll'O 

600 800 

/ 

"' 

"-... 

{ -d'heore ti cal 

I 
I 

I 

\ 
\ 
\ 
\ 

' \ 
\ 

1000 1200 1300 

wall temperature (K) 

Figure 4.16: Expel'imental and theoretically determined deposition rates 

for sodium sulphate from simulated flue gas in a cylindrical 

tube for composition A3. 
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Figure 4.17: Deposition rates of sodium sulphate at inner the surface 

of cylindrical tube, for simulated flue gas A4. 
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Camparing this case (A4) with flue gas number (A3) it may be concluqed 
that high chlorine concentrations (as for A1) result in decreases in the 

deposition rates larger than the increases in deposition rates caused by 

higher sulphur concentrations. 

A change in the fuel/air ratio hardly influenced the deposition rate in 

oxidizing flue gases. The deposition behaviour strongly depends on the 

sodium and chloride concentration of the flue gas. From these three 

examples it may be concluded that the theoretica! model prediets the 

deposition behaviour of sodium sulphate from flue gases rather 

accurately. 

4.5.4 Deposition rates of sodium metaborate for various flue gas 

compositions 

Regenerators or recuperators of natura! gas fired sodium-borosilicate 

furnaces are aften fouled by sodium borates. Deposition rates of sodium 

metaborate in the laboratory equipments have been determined for two flue 

gas compositions, given in table 4.6. 

Table 4.6, Flue gas compositions for deposition experiments in a channel 

for sodium and baron containing exhaust gases. 

Experiment number 61 62 

Exhaust gas flow ~/s s.1o-4 3.0 10-4 

Sodium volume-ppm 36 60 

Baron volume-ppm 36 120 

Carbon dioxide volume-% 10.0 10.0 

Water vapor volume-% 15.0 15.0 

Oxygen volume-% 4.4 4.4 

Nitrogen volume-% 70.6 70.6 
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Figure 4.18 represents the depaaition behaviour for case 81. The 

depaaition rate of sodium metaborate at the surface of the inner wall 

of the tube reaches lts maximum at 1080 K in the experimental curve. The 

depaaition of sodium metaborate sets on below 1260 K according to the 

experimental observations. From the theoretica! simulation model no 

depaaition is expected above 1200 K. The theory prediets higher 

deposition rates between 800 and 1100 K than the experimental studies. 

The thermadynamie parameters for these systems are rough estimates 

especially for gaseaus sodium metaborate (NaB02 ) its dimer (NaB02 )2 and 

gaseaus sodium tetraborate (N~~07). A more precise theoretica! approach 

is only possible if the relevant thermadynamie values for the Gibbs' Free 

Enthalpies of these components are determined more accurately. 

The absolute values for the depaaition rates of this system as determined 

by the model deviate in most cases not more than 35% from the 

experimental results. 
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Figure 4.18: Deposition of sodium metaborate from simulated flue gas 

doped with 45 volume ppm Na and 45 volume ppm B in a 

cylindrical channel. 

Figure 4.19 shows the depaaition rates at different surface temperatures 

for a simulated flue gas with a boron concentratien twice as high as the 

sodium concentration. Above 900 K the theoretica! curve differs only 

slightly from the experimentally derived rates for sodium metaborate. 

Again the measured deposition rates at temperatures lower than 700 K 

differ significantly from the theoretica! results. 
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Oeposition rates or sodium m~taDo~~La orom simulated flue 

gas in a cylindrical channel. 

The sodium and baron concentrations in these two examples of simulated 

flue gases are rather low, so that no sodium tetraborate is formed in the 

deposits. The deposition products have been analysed by means of X-ray 

diffraction. At temperatures above 600 K the deposits consist mainly of 

NaB02 , some sodium tetraborate (Na2B407) may be formed below ?00 K. 

From the comparison between the experimental studies and the theoretica! 

results it may be concluded that the deposition rates for the system 

sodium-boron are derived rather accurately by the model for temperatures 

above 850 K. 

The examples in this section show the importsnee of the diffusion of 

particulate matter through the boundary layer, causing deposition below 

temperatures of 700 K - 800 K. 

4.5.5 Oeposition rates of potassium sulphate 

Exhaust gases of glass furnaces producing glasses that contaih potassium 

oxide, consist of gaseaus potassium components above 1350 K like KOH, K, 
KCl or potasslum borates for example. In case of oil-firing or sulphate 

refining these components are converted mainly into potasslum sulphate, 

condensing ar depositing during the cooling period. 

Depaaition of potassium sulphate is usually less important than that of 

sodium sulphate in furnaces producing container or flat glass. 
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To illustrate the application of the theoretica! model for this case, 
experimente have been eerried out on the basis of the flue gas 

campaaition presented by table 4.7. 

Table 4.7: Flue gas compositions for depaaition experiments of potaesium 
eulphate in a cylindrical channel. 

Exhaust gas flow ~/a 
Potassium concentration volume-ppm 

Sulphur concentration volume-ppm 

Oxygen concentration volume-% 

Carbon dioxide concentration volume-% 

Water vapor concentration volume-% 

Nitrogen concentration volume-% 

3.75 10-lt 

160 

160 

4.4 

10.0 

15.0 

70.6 

The campariaan between the theoretica! results and the experimentally 

measured depaaition rates is presented in figure 4.20. 
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Figure 4.20: Depaaition rates for potassium sulphate at the inner wal! of 
a cylindrical channel. 
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The deviations between the theoretica! and experimental approach are 

similar to those of sodium sulphate deposition. The deviations 

are: 

1. The theoretica! dew point is higher (in this case 80 K) than the 

experimental dew point of potassium sulphate. 

2. The maximum deposition rate at approximately 1280 K for the 

theoretica! case is 30% higher than the measured maximum rate at 

1100 K. 

3, At temperatures below 800 K the theory prediets zero deposition rates 

but the experimental results show that deposition takes place till at 

least 450 K. 

The experimental curve coincides with the larger part of the theoretica! 

curve when it is shifted to a 100 - 150 K higher temperature. Again this 

delay of the deposition process is probably partly due to kinétic 

limitations for the conversion of gaseous potassium compounds and sulphur 

oxides to condensed potassium sulphate. 

The melting point of potassium sulphate is 1342 K so that deposition of 

mainly solid K2 SO~ takes place. The maximum deposition rate of potassium 

sulphate, 2.9 mg/m2.s according to the experimentsis somewhat higher 

than the maximum rate of sodium sulphate deposition for the same 

concentrations (in volume ppm) 2.3 mg/nf.s. This is partly due to the 

higher rnalar weight of K2 S~ (174.3 g/mol) relativa to the molar weight 

of N~ SO~ (142 g/mol). Besides. this, the diffusion of gaseaus potassium 

compounds through the boundary layer eppears to be slightly faster than 

the diffusion of sodium components. 

At 1ow temperatures diffusion of particulate matter through the gaseaus 

boundary layers causes the deposition of potassium sulphate at the tube. 

•.5.6 Deposition rates of lead oxide 

Natura! gas fired lead glass furnaces emit flue gases loaded with lead 

oxide dust. Lead oxide condensas and deposits from these exhaust gases at 

temperatures below approximately 1100 K. As described in section 3.2.2.3 

of this thesis, lead sulphate condensas primarily from flue gases of lead 

glass furnaces in case of heavy oil firing as shown in section 4.4. 
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The depaaition rates of lead sulphate are quite similar to those of lead 
oxide at the same temperatures. Therefore, only the depaaition of lead 

oxide has been studied in the cylindrical channel by means of the 

simulated flue gas given by table 4.8. 

Table 4.8: Flue gas composition for depaaition experiments of lead 
oxide with the equipment of figure 4.12. 

Exhaust gas flow m~/s 
Lead concentration volume-ppm 

Oxygen concentratien volume-% 

Carbon dioxide concentratien volume-% 

Water vapor concentratien volume-% 

Nitrogen concentratien volume-% 

J. 75 1o-~+ 

100 

4.4 

15.0 

10.0 

70.6 

Depaaition of lead oxide mainly takes place at surface temperatures 

between 750 and 1100 K as shown in figure 4.21. 
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Figure 4.21: Deposition rates for lead oxide at innerwallof 

cylindrical tube. 

According to the experimental measurements the deposition of PbO sets on 

at 1090 K. The theoretica! model slightly overestimates the dew point 

with 20 K. 
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Contrary to the deposition behaviour of sodium or potassium sulphate, the 

maximum experimentally derived deposition rate as for lead oxide is 

higher (15%) than theoretically expected. The deposition rate reaches its 

maximum at approximately 1000 K and reaches values of 3.0 mg/m2 .s. The 

curvature of the experimentally derived graph deviates remarkably from 

the theoretica! curve at this temperature. According to the experiments 

the deposition rates are quite high in a very narrow tempersture range 

between 900 and 1050 K. Lead oxide deposits only as a solid component. 

Corrosion due to liquid phases condensed from exhaust gases doped with 

lead is not expected. 

Below 700 K deposition still takes place probably due to diffusion of 

dust particles towards the surface of the inner wall of the tube. 

4.6 Summary and conclusions 

The deposition processes that take place in channels of exhaust gas 

systems have been described by a theoretica! model based on 

thermodynamics and mass transfer laws. The deposition is caused by 

condensation of exhaust gas components at the relatively cold surfaces in 

the exhaust gas channels. In the model the assumption has been made that 

chemical equilibrium conditions are met in the main exhaust gas flow and 

at the deposition surface. 

The applicability of the model has been studied for two experimental 

situations: 

1. Deposition of salt components from a flame doped with various types of 

inorganic substances (sodium, sulphur, chlorine, baron, potassium, 

lead) on a cylindrical surface at a homogeneaus temperature. 

2. Deposition of salts from simulated exhaust gases in a cylindrical 

channel with an inlet tempersture of 1750 K and an flue gas outlet 

tempersture of 800 K - 900 K. 

In both experimental cases the deposition rates are measured and compared 

with the theoretica! calculations for these situations. The tempersture 

gradients across the boundary layer at the cylindrical surface in cross 

flow configuration in the flame are very large {200 to 500 K per mm). In 

this case reaction kinetic limitations are likely to influence the 

deposition as it is indeed observed by camparing the experimental results 

with the theoretically derived N~S04 and K2 S~ deposition rates. 
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The discrepancy between the experimental results and the theoretica! 
calculations is considerably smaller in the second experiment where the 

tempersture gradients in the boundary layers are more in agreement with 

practical situations gradients. Depaaition of sodium metaborate, sodium 

sulphate, potassium sulphate, sodium chloride, lead oxide and lead 

sulphate have been atudied with one or both methods. 

Sodiu. ~taborate deposition 
rrom exhaust gasea only doped with sodium and boron components, sodium 

metaborate and sametimes sodium tetraborate condenses. The dew point 

tempersture increasea with higher sodium and baron concentrations. The 
depaaition rates measured on a cylinder in the flame deviate from the 

calculated rates in mainly three ways: 

- the measured dew point ia approximately 40 K lower than the theoretica! 

dew point 

the experimentally derived maximum depaaition rates are 10 to 20% lower 

than theoretically. expected 

- at temperatures below 900 K depaaition rates deeresse with further 

cooling, the model prediets a constant depaaition rate below 1000 K. 

These deviations can be explained by reaction or condensation kinetic 

limitations. The depaaition rates of sodium metaborate in the simulated 

flue gas channel agree quite well with the results of the theoretica! 

model. The maximum depaaition rate measured at the surface of the 

cylindrical channel is 10-20% lower than theoretically determined. 

The theory, based on transport of only gaseaus molecules towards the 

depaaition surface, of course prediets zero depaaition rates as soon as 

all the sodium metaborate has already been condeneed in the gas flow, 

i.e. for exhaust gas temperatures below 1050 K when surface temperatures 

are below 700 K. Below these surface temperatures however, experiments 
show that depaaition still takes place probably caused by transport of 

already condensed material towards the depaaition surface. 

Sodil8 sulphate deposition 

The maximum depaaition rate measured on the cylinder in cross flow 

configuration in the flame, is proportional to the sodium concentratien 
in the flame. 
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For this case the experimentally determined dew points are 120-160 K 
lower than derived theoretically. This delay in deposition is probably 

due to the limited rates of the reactions between 502 and NaOH in these 

gases resulting in formation of condeneed Na2S~. Addition of chlorides 

to the flame reduces the dew points for sodium sulphate condehsation on 

the cylindrical surface, although no chloride components condenae. 

According to these experiments depaaition of sodtum sulphate increases 

steadily for decreasing surfaces temperatures in chloride rich flames. 

For the chloride free case depaaition of sodium sulphate decreases below 

1050 K. The calculations show a constant depaaition rate for both cases 

below 1100 K. 

The similarity between the theoretica! approach and the experimentally 

derived depaaition rates in the cylindrical channel is quite 

satisfactory. The experimental dew points are only 50 K lower than 

expected from the theoretica! model. Deposition of sodium sulphate mainly 

takes place at wall temperatures between 800 and 1300 K. At temperatures 

above 1000 K the theory alightly overestimates deposition rates. Below 

750 K, depaaition of. already condeneed material takes place in the flue 

gas channel. The theory prediets no condensation at the depaaition 

surface below this temperature. 

From both theoretica! and experimental results it is concluded that the 

increase in the sulphur concentratien has only a alight effect on the 

depaaition behaviour of simulated flue gases of glaaa furnaces. 

Deposition of potassiu. sulphate 

The actual deposition behaviour on the cylindrical surface in cross flow 

configuration of potassium aulphate from a flame doped with potassium and 

sulphur deviates considerably from the results of the theoretica! 

calculations. However, the deposition rates in the simulated flue gas 

channel can be calculated rather accurately by the theoretica! model for 

surface temperaturea between 800 and 1250 K. 

The similarity between the depaaition behaviour of sodium sulphate and 

potassium sulphate haa been illustrated by experiments with a flame doped 

with sodium, potaasium and sulphur. 
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Sodium chloride deposition 
Sodium chlorides condense from sulphur lean flue gases of soda-lime glass 

furnaces below 1025 K. The theory gives a nearly 100% accurate 

description of the depaaition process. Both deposition rates and dew 

point values are nearly the same for the experimental approach as for the 

theoretica! predictions in case of the situation of the cylinder in cross 

flow configuration in the flame. 

lead oxide deposition 

The deposition product from flue gases only doped with lead is mainly 

lead monoxide (PbO) which is converted below 700 K into Pba04• The 

theoretica! model slightly underestimates the dew point tempersture for 

the case of deposition at the cylindrical surface positioned in the doped 

flame. 

The experimentally derived depaaition rates of lead oxide at the inner 

wal! surface of the simulated flue gas channel can be explained 

accurately by the model above surface temperatures of 700 K. 

lead sulphate deposition 

lead sulphate deposition is only studied experimentally on the surface of 

the cylinder positioned in a flame doped with sulphur and lead. The 

comparison between the theoretica! model and the experimentally derived 

deposition behaviour is similar as for lead oxide. 

In sulphur rich flue gases lead sulphate deposits are formed at surface 

temperatures below 1125 K. The theoretica! calculations slightly 

underestimate the dew point temperature. 

Finally, it can be concluded that for the most important exhaust gases of 

glass furnaces, the model presented here gives quite accurate predictions 

for deposition rates and the nature of the deposition products above 750 

K. At lower temperatures deposition may be reduced by resetion and/or 

condensation kinetic limitations. Besides these limitations, deposition 

at gas temperatures below 1000 K is mainly caused by transport of 

condensed material (dust or particulates)from the flue gas to the 

deposition surface. Deposition eaueed by condensation of gaseaus 

components at the surface is of minor importsnee below flue gas 

temperatures of 1000 K. 
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NOMENCLATURE CHAPTER 4 

As specific surface area per unit of length (mf/m) 

ai,j weight fraction of component j in component i 

B driving force equation 4.1, concentratien differenc~ N92SO~ 

(kg/m3 ) 

cbi weight-fraction component i in main stream 

cwi weight-fraction component i in gas phase at surface 

position 

Cp 

CFBL 

D 

D 

oi,b 

oi,g 

Dim 
Fi(soret) 

F(ncp) 

J 

k 

L 

Lei,w 

Mi 

Mg 

Na 

Pi* 
p 

Pr 

Re 

r* 

r''' i,eff 
si 
Sc i 

Shi 

T 

heat capacity (J.kg....l. .K-1 ) 

Chemically Frozen Boundary Layer 

diffusion coefficient (mf/s) in equations 4.2, 4.3 en 4.4 

characteristic diameter (m) in equation 4.1 

diffusion coefficient for component i in main stream (mf/s) 

di ffusion coefficient component i (mf /s) -

diffusion coefficient component i in main stream (nf/s) 

correction term for thermodiffusion 

correction term for non-constant properties in boundary layer 

nucleation rate (m..3 • s-1 ) 

Boltzmann's constant (1.38 1o-16 J/molecule.K) 

characteristic length (m) 

Lewis number (D.p .cpA) at wall positions (D.p .cpA) 

mass of one mole molecules i (g/mol) 

mass of one mole gas molecules (g/mol) 

Avogadro number 

saturation pressure component i (Pascal) 

absolute pressure (Pascal) 

Prandtl number (cp.~/h) 

Reynolds number (p • v. Dl~) 

critical nucleus size (m) 

souree term defined by (4.4) 

supersaturation factor 

Schmidt number (~/p .Di ,g> 

Sherwood number 

absolute tempersture (K) 
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u gas velocity in x-direction 
v gas velocity in y-direction (m/s) 

V flue gas velocity (m/s) 

Vs suction-like term defined by equation 4.3 (m/s) 

Yi mass fraction of species i 

wni weight fraction component i in main stream 

wwi weight fraction component i in gas phase near depaaition 

surface 

z distance along axis of cylinder or channel from the entrance 

(m) 

Greek syd:Jols 

a 

Pb 

Pm 

p 

mass accomodation coefficient 

parameter for estimation of a, equation 4.7b (K) 

parameter for estimation of a, equation 4.7b 

thermodiffusion coefficient component i at wall paaition 

thermodiffusion coefficient 

thermophoretic parameter defined by (4.7) 

density of gas phase in main stream (kg/m3 ) 

density of gas phase in main stream (kg/m3 ) 

density (kg/m3 ) 

oi,g Lennard-Jones diameter component i in gas g (m) 

Oi,g intermolecular potentiel field parameter 

6 boundary layer thickness (m) 

a surface tension in equation 4.18, (N/m) 

volume flow (m3 /s) 

dynemie viscosity (kg.m-1 .s-1) 

thermal conductivity (w.m-1 .K-1 ) 
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5. APPLICATION OF THEORETICAL SIMULATION MODEL TO INVESTIGATE DEPOSITION 
FROM AN> CONOENSATION IN EXHAUST CASES FROM INXJSTRIAL GLASS FURNACES 

5.1 Introduetion 

In the previous chapters the most essential processes that determine the 

deposition of components from the flue gas phase to obstacles or surfaces 

in exhaust gas channels have been discussed. Besides deposition, also 

condensation and dust formation in flue gases has been considered. It has 

been shown that lack of fundamental data, especially with respect to 

kinetic parameters, inhibits a full and detailed description of the 

chemica! processes occurring in the relevant tempersture range. 

However, combination of a simplified boundary layer transport model with 

a thermadynamie equilibrium model supplied us with a tool to ~nalyse the 

main characteristics of deposition and condensation-processes as shown in 

chapter 4. First, this model gives a predietien of the transport rates of 

gaseaus components through boundary layers towards relatively cool 

surfaces where condensation takes place. 

Secondly the model prediets the chemica! composition of the m~in flue gas 

flow including the composition of the formed dust. These compositions are 

calculated by means of the methods described in chapter 3. 

In the previous chapter it was shown that this model rather accurately 

prediets the nature of deposition products and the rates of deposition in 

a simple laboratory flue gas channel. This chapter deals with the 

application of this model to predict deposition and condensation in 

industrial regenerators or recuperators. The deposition and condensation 

pro·cesses in regenerators are presented in sectien 5.2. The influence of 

the regenerator construction, tempersture distribution and flue gas 

veloeities on deposition behaviour is also described. Results of 

calculations with the model for different regenerative furnaces producing 

soda-lime glass, borosilicate glass or lead glass are presentèd in this 

section. A similar investigation has been conducted for recuperative 

devices in sectien 5.3. 
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As shown in section 4, the simulation model is not suitable for 

deposition processas at flue gas temperatures below 1000 K, since 

resetion kinetic limitations and deposition of dust from the flue gases 

have to be considered. Below these temperatures all alkali or lead 

compounds are already condensed in these flue gases; transport of gaseaus 

species towards deposition surfaces where condensation takes place is in 

most cases negligible below 1000 K. 

Therefore, at low temperatures we may still encounter deposition, but 

this will be due to dust particles formed in the gas stream. A 

complication in the dealing with this process is the possibility that 

these dust particles react with gaseaus components below 800 K thereby 

altering their nature and physical behaviour. 

In section 5.4 a short qualitative description is given of the chemica! 

reactions and processas that may take place below 800 K in flue gases of 

soda-lime glass furnaces. These processes are of primary importsnee for 

heat exchangers in the low tempersture region. 

Finally, in section 5.5 the thermadynamie equilibrium model of chapter 3 

is used to predict particulate and gaseaus emissions from industrial 

glass furnaces. 

5.2 Deposition processes in the checkers of glass furnace regenerators 

The model presented in chapter 4 has been applied for the regenerator 

situation in industrial glass furnaces. The deposition rate is calculated 

by means of formule 4.9 for the relevant deposition products. The 

construction and processing of regenerators is described in the next 

section. 

5.2.1 Heat and .aas transfer in different regenerator construction 

Before applying the simulation model of chapter 4, the diversifications 

of regenerator constructions will be outlined. Several types of checker 

constructions are being applied in regenerators. The bricks may be piled 

up in different ways or the form of these bricks may be different. In 
figure 5.1 some checker constructions are shown. 
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cruciforms 

basket wesve setting 

open setting or pigeon hole 
setting 

chimney type 

Figure 5.1: Three types of checker packing. 

The flue gases from the glass furnace pass the checker work through 

mostly rectangular channels. The gas flow is periodically disturbed by 

the openinga in the checker work perpendicular to the main stream 

direction. These disturbances result in increasing maas and heat transfer 

rates. The gas veloeities in the channels (calculated for normalized 

conditions at 1013 mbar and 295 K) range between 0.25 and 1.0 mn/s in 

ind.ustrial regenerators. 

The specific heat or maas transferring area per cubic metre checker 

volume ranges between 12 and 18 Hf/m3 • Practical values for the Sherwood 

number to calculate mass transport rates are nat given in the 

literature. However, from the analogy of heat and mass transfer, Sherwood 

numbers can be calculated in a way similar to Nusselt numbers from the 

well known relations between Nu and Re (Reynolds number) for heat 

transfer in r~generators. For most situations the analogy between maas 

and heat transfer correlations is presented by; 

(5 .1) 
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with Nusselt related to Reynolds as in equation 5,2: 

end 

Sc = !J./p .ID 

Pr = c - IJ.IX p 

where: 

Sh 

Nu 

Re 

Pr 

Sc 

= Sherwood number 

= Nusselt number 

= Reynolds number (p.v.d/!J.) 

= Prandtl number 

= Schmidt number 

8', A', m, n = constants depending on construction geometry 
ID = diffusivity (!ff s-1) 

P = gas density (kg.m-3
) 

IJ. = dynamic viscosity (kg.m-1 s-1) 

d = characteristic diameter (m) 

(5.2) 

(5.J) 

(5.4) 

Our approach made use of the simple but very practical relation given by 

Schmalenbach [1]: 

Nu = A + B.Re 

The values forA endBare given in table 5.1 for different checker 

constructions. 

checker work: A B 

basket weave setting 10 0.00691 

cruciform stanes 10 0.00691 

chimney type 11 0.00682 

pigeon hole setting 1J 0.0067 

(5.5) 

staggered packing 14.2 0.0074 from raferenee [1] 
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With these correlations it is possible to derive Sherwood numbers in the 

different sections in the regenerator and as a function of gas velocity. 

5.2.2 Temperature distribution in regenerators 

The temperature of a certain location in a regenerator is time dependent 

due to the cyclic eperation of this type of heat exchanger. The 

temperature of the cambustion air at a eertsin location during the 

air-preheat period is approximately 200 K lower than the exhaust gas 

temperature during the regenerator heating period at the same location. 

The cambustion air tempersture is generally too low to evaparate the 

deposited material at the regenerator bricks during the air-preheat 

period. 

The difference between the exhaust gas tempersture at the beginning and 

at the end of the regenerator heating period is 30 to 40 K at a certain 

location. The difference between the exhaust gas tempersture and the 

surface tempersture of the adjacent checker bricks is 50 to 100 K, Trier 

[2]. Barklage-Hilgefort [3]. The tempersture of the flue gases decreases 

from 1600-1700 K to 700-850 K in the regenerators. 

5.2.3 Depaaition of aalt components in regenerators of soda-lime glass 

furnaces 

In regenerators of flat glass and container glass furnaces depaaition of 

sulphates in the middle sections may result in blockage of the channels 

and lower the thermal efficiency of these heat exchangers. 

Sodium sulphate is the most important constituent of the material 

deposited from the exhaust gases of these furnaces. 

From the melts, (section 1.1.3.1) sodium and sulphur components 

volatilize in these kinds of furnaces. 

The sodium concentrations in the flue gases leeving the furnace vary from 

JO to 100 mg/nf, the sulphur concentrations in naturel gas fired n 
furnaces vary from 40 till 150 mg/nf. In case of oil-firing the 

n 
sulphur concentrations may exceed 600 mg/nf. 

n 
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Sodium chloride may vaporize from the batch due to impurities in the 
synthetic soda. Chloride concentrations in the flue gas range from 40 

to 80 mg/m3 • In this section the influence of the exhaust gas 
n 

composition, the tempersture distribution in the regenerator and the 

regenerator. dimensions, on the deposition behaviour is discussed in terms 

of calculations based on the simulation model. The basic situation is 

presented in table 5.2 for a regenerative 'soda-lime glass furnace. 

Table 5.2: Process parameters for exhaust gas and regenerator of a soda­

lime glass furnace (basic situation). 

type of checker work pigeon hole 

channel dimension between bricks 0.16 * 0.16 m 

brick height 0.12 m 

tempersture difference brick surface - flue gas 100 K 

flue gas velocity 0.6 mn/s 

tempersture flue gas at top 1700 K 

tempersture flue gas at bottorn 800 K 

oxygen concentration flue gas 4.4 volume-% 

water vapor concent ration flue gas 15.5 volume-'6 

carbon dioxide concentration 10 volume-~6 

sodium concentration 

sulphur concentration 

chloride concentration 

125 volume-ppm* 

250 volume-ppm 

62.5 volume-ppm 

* volume-ppm = parts per million molecules in gas, assuming the 

elements mentioned to be gaseous atoms irrespective 

of the molecular composition. 

The method of calculation is similar to the procedure presented in 

chapter 4 and outlined in appendix C. The model gives predictions for the 

deposition rate of components condensing at the brick surfaces in the 

regenerator, by means of the boundary layer mass transfer theory. The 

flue gas compositions are calculated in this model by means of the 

chemica! equilibrium theory. For this situation the deposition product is 

only sodium sulphate (N~ SQ.). 
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The calculated depaaition rate of Na2S01t in the regenerator, as a 

function of the depaaition tempersture (temperature of the depaaition 

layer) is given in figure 5.2 curve A1. The melting tempersture of sodium 

sulphate is 1157 K and from curve A1 it can be concluded that Na2SDtt 

condensas mainly as a liquid phase at the regenerator bricks. Depaaition 

sets on below 1370 K (dew point temperature) and the depaaition rate 

rises rapidly at decreasing brick temperatures. 

The maximum depaaition rate for this case is 2.5 mg/m2 .s (or a depaaition 

layer of 5 cm/year) at 1275 K. Condensation of sodium sulphate at the 

surface of regenerator bricks hardly takes place at temperatures below 

1000 K. According to equilibrium calculations the exhaust gases lesving 

the regenerator contain 220 mg/nf sodium sulphate dust. 
n 

Approximately 12.5% of the sodium sulphate is deposited on the 

regenerator bricks. This finding is in good agreement with practical 

values; between 10% and 2~~ for sodium sulphate ratention in the 

regenerators of soda-lime glass furnaces. 

5.2.3.1 lnfluence of changing flue gas caapositions on deposi.ion 

behaviour in regenerators of soda-li11e glass furnaces: 

According to the calculations with the simulation model, the 

concentrations of oxygen, water vapor and carbon dioxide in the exhaust 

gases hardly influence the depaaition and condensation rates in the 

regenerator. 

However, a change in the concentrations of sodium, chlorine and sulphur 

alter the shape of the presented curve A1 of figure 5.2. To illustrate 

this, we calculated the deposition rates of 4 different flue gases and 

compared the results with those presented in the previous section {basic 

situation A1). These flue gas compositions are listed in table 5.3 and 

the results are presented in figure 5.2 and figure 5.3. 

In chapter 1 it was shown that the volatilization rates for sodium 

components may be changed by alterations in the cambustion processas in 

the melting furnace. Curve A2 presente the depaaition behaviour of a flue 

gas with a 50% redweed sodium concentration. Camparing situation A1 with 

example A2 shows that the maximum sodium sulphate depaaition tate is 

almast proportional to the sodium concentratien or the sodium 

volatilization rate from the melts. 
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Figure 5.2: Depaaition rateà for sodium sulphate in the regenerator of 

soda-lime glass furnaces. 

This was verified by more extensive calculations for flue gases with an 

excess of sulphur for sodium sulphate formation. From figure 5.2 it is 

clear that depaaition rates decrease considerably at diminishing sodium 

vaporization rates from the glass malt. Depaaition in case A2 sets on at 

a 55 K lower temperature and reaches a rate of only 1.3 mg/mf.s at 1220 K 

for this situation. 

Only 11~ of the sodium sulphate deposits in the regenerator, 89~ is 

entrained in the flue gases as condensed material and will leave the 

regenerator. The chance of blockage of the regenerator channels is very 

small. The maximum rate of material deposited is only 2 g/cmf.year for 

case A2. 

A change from natura! gas-firing to cambustion of oil in the glass 

melting furnaces causes an increase in the sulphur oxide concentrations 

in the exhaust gases. 

-175-



Curve A3 represents the dependenee of the deposition rate on the brick 

tempersture for a flue gas with a concentratien of 500 ppm sulphur 

insteadof 250 ppm for case A1. The curves A1 and A3 are quite similar 

although the A3-curve has shifted to a somewhat (20 K) higher 

temperature. 

It eppears that the sulphur concentratien has only a slight effect on the 

deposition behaviour of sodium sulphate in regenerators of soda-lime 

glass furnaces. However, at much lower temperatures, the nature of the 

deposition and condensation products may be influenced by the sulphur 

content of the applied fuels as will be discussed in section 5.5. The use 

of natura! soda reduces the chlorine concentrations in the exhaust gases 

to a very low level in soda-lime glass furnaces. 

The deposition behaviour of sodium sulphate for a chlorine free exhaust 

gas is represented by curve A4. Depaaition sets on at a tempersture 

slightly higher than for the basic situation (A1). The most important 

feature is the high rate for sodium sulphate fouling at 1320 K. In case 

A4 nearly 100% of the deposited Na2 so~ in the regenerators is in the 

liquid phase. The deposition of large amounts of liquid sodium sulphate 

from chlorine free gases accelerates corrosion of the checker bricks 

above the N~Sil.- melting point of 1157 K. 

Sa far only the deposition of sodium sulphate has been considered. From 

melts with no or little addition of sulphates as refining agents (as in 

case of sodium chloride refining), sodium carbonate and sodium chloride 

may condense from natural gas-fired furnaces. The deposition behaviour of 

a flue gas with only 25 volume-ppm sulphur has been presented in figure 

5.3 for flue gas number A5. 

Table 5.3: Flue gas compositions of the investigated cases for soda-lime 

glass furnaces. 

case A1 A2 A3 A4 A5 

(base) 

sulphur (vol-ppm) 250 250 500 250 25 

a odium (vol-ppm) 125 62.5 125 125 125 

chlorine (vol-ppm) 62.5 62.5 62.5 0 62.5 
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figure 5.3: Deposition behaviour of sulphur lean flue gas in the 

regenerator of a soda-lime glass furnace. 

Sodium sulphate is the only deposition product on the bricks at 

temperatures above 1100 K in case A5. Between 900 and 1000 K both sodium 

carbonate and sodium chloride condense at the brick surfaces. Two 

sections of the regenerator have been fouled rather seriously by salt 

components. Sodium sulphate deposition takes place in the middle section 

of the regenerator for checker temperatures between 1100 K and 1300 K. 

Sodium chloride deposits will be found in the lower parts (with lower 

brick temperatures) of the regenerator. 

5.2.3.2 Effect of eperating conditions and construction of regenerator on 

deposition of sodi..- sulphate 

The tempersture distribution in the regenerator, the construction of the 

checker work and gas veloeities may influence the deposition rates of 

flue gas components. With our simulation model these influences have been 

studied for a couple of cases. The deposition behaviour is calculated and 

represented in figure 5.4: 

1. The deposition curve for the basic situation (A1). 

2. The deposition curve for a gas velocity twice as high as the basic 
situation, example A6. 
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3. The deposition curve in cas of a 50 K tempersture difference between 
the exhaust gas and the brick surface (example A7) instead of 100 K as 

was the case for A1. 

Higher gas veloeities result in higher values for the Sherwood number 

causing a higher mess transfer towards the depaaition surface. As may be 

seen from figure 5.4, curve A6, an increasing gas velocity indeed results 

in higher deposition rates on the vertical surfaces of regene:rator bricks 

between 1100 K and 1350 K. 

This increase amounts to 25% for the maximum deposition rate at 1280 K 

relative to the maximum deposition rate for A1. In case of a lower 

tempersture difference, namely 50 K instead of 100 K, between the local 

flue gas tempersture and the brick surface, depaaition rates deeresse 

considerably as can be seen by camparing curve A7 and A1 in figure 5.4. 

Moreover, the dew point tempersture is slightly decreased for case A7. 

3. 

2.3 I 

o.s 

800 900 

Figure 5.4: Deposition rates for sodium sulphate in regener~tors for 
varying conditions. 
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Therefore, keeping the tempersture difference between flue gas and 

regenerator bricks low, the fouling rates can be diminished 

considerably. However, this may result in a leas efficient performance of 

the regenerator system although use of new materials may result in lower 

tempersture differences between flue gas and brick without affecting the 

efficiency of the regenerator. 

5.2.4 Deposition of salt co.ponenta in regenerators of borosilicate 

glass furnaces 

Most borosilicate glasses contain sodium oxide and/or potassium oxide. 

Although the concentrations of alkali oxide compounds in some 

borosilicate glasses (E-glass for example) may be lower than 1.0 

weight-%, these components volatilize rather fast in combination with 

boron oxide. The main volatilization products from most borosilicate 

glass melts are sodium and/or potassium compounds, boron compounds and 

sulphur compounds. 

In this section special attention will be paid to the deposition and 

condensation processes of flue gases from sodium-borosilicate glass 

melting furnaces. The flue gas composition for such a furnace, fired with 

naturel gas and with addition of sulphates as refining agents is given in 

table 5.4. 

rirst sodium sulphate condenses below 1370 K at the vertical surfaces of 

the regenerator bricks. Below 1310 K depaaition of sodium metaborate sets 

on, as shown in figure 5.5. At surface temperatures between 1100 K and 

1310 K sodium sulphate and sodium metaborate deposit simultaneously. 

The maximum depaaition rate for liquid sodium metaborate at 1200 K is 8.5 

mg/mf.s or 13.5 gramsper square centimetra per year. In the middle 

sections of the regenerators with temperatures between 1150 and 1300 K 

the deposition of these liquid deposits causes high corrosion rates for 

the refractories of the checker. 

Corrosion is especially severe in sections of the regenerator with 

temperaturea ranging around the melting point tempersture of sodium 

metaborate (1174 K) and sodium sulphate (1157 K). The changing specific 

volume of the deposits in the pores of the refractory material by 

changing from liquid to solid phaaes and vice versa generally results in 

mechanica! stresses in this material. 
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Figuren 5.5: Deposition on bricks of regenerator of a sodium~borosilicate 

furnace. 

Table 5.4: Process parameters and composition of exhaust gases in 

regenerators of a sodium-borosilicate furnace. 

I 

type of checker work 

channel dimensions 

brick height 

tempersture difference brick surface-flue gas 

flue gas velocity 

tempersture flue gas at top 

tempersture flue gas at bottam 

oxygen concentratien 

water vapor concentratien 

carbon dioxide concentration 

baron concentratien 

sodium concentration 

sulphur concentration 
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pigeon hole 

0.16 * 0.16 m 

0.12 m 

100 K 

0.6 mn/s 

1700 K 
800 K 

4.4 volume-% 

15.0 volt;~me-% ., 
10.0 volume-% 

6 10..2 volume-% 

6 10-2 volume-% 

1 o-2 volume-~~ 



Sodium tetraborate depaaition takes place below 1070 K according to our 

calculations for this situation. According to the equilibrium 

calculations the dust formed in the regenerator during cooling consists 

of 480 mg sodium sulphate and 1650 mg sodium tetraborate per cubic metre 

flue gas (under normalieed conditions 298 K, 1013 mbar). No gaseaus 

sodium or sulphur components remain in this exhaust gas. According to our 

calculations and literature data [ 3] the most important baron component 

in the stack is H3BD3. Analysis of dust precipitated from flue gases of 

natura! gas fired sodium borosilicate glass furnaces shows that indeed 
sodium sulphate and sodium tetraborate are the main constituents in these 

condensates. 

Secondly the depaaition of aalt components of an oil-fired sodium 

borosilicate furnace has been studied by means of the computer simulation 

model. 

The flue gas campaaition under study here is presented in table 5.5. 

Table 5.5: Flue gas campaaition of an oil-fired aodium borosilicate 

glaas furnace. 

major components minor constituting element a 

volume-ppm volume-ppm 

~ 4.4 Na 400 

c~ 10 B 400 

~ 70.6 s 500 

H:zO 15 

The deposits consist only of sodium sulphate, condenaing between 1100 and 
1400 K at the regenerator bricks, shown by figure 5.6. 

In this case nearly all the baron in the exhaust gases is converted into 

gaseaus boric acid (H3B03) during the passage through the regenerator. 

The dust, only consisting of sodium sulphate amounts to 670 mg/m3 
n 

exhaust gas. 

In oil fired sodium-borosilicate glass furnaces the maximum depaaition 

rate at approximately 1300 K increases with the sodium concentratien in 

the exhaust gas. 
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Figure 5.6: Deposition of sodium sulphate at regenerator bricks of a 

sodium borosilicate glass furnace. 

Flue gases from furnaces melting borosilicate glasses with potassium 

oxide instead of sodium oxide contain gaseous potassium metaborates, meta 

boric acid and potassium hydroxide as the most important components above 

1400 K. The depaaition behaviour of potassium compounds from an exhaust 

gas gi ven in table 5.6 is shown in figure 5. 7. 

The main deposition product from flue gases with a composition as in 

table 5.6 is potassium sulphate condensing below 1370 K. This deposition 

product is solid below 1342 K. In this case corrosion by liquid deposits 

is of smaller importsnee than for sodium sulphate deposition in 

regenerators of sodium-borosilicate ar soda-lime glass furnaces. The 

rates of depaaition of liquid potassium sulphate are generally low (lower 
than 2 mg/nf.s) and deposition in this phase only takes place in a very 

small part of the regenerator. 
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Table 5.6: Typical composition of a flue gas from a gas-fired sodium 
borosilicate glass furnace. 

major components 

volume-% 
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Figure 5.7: Deposition in the regenerator of a gas-fired potassium 

borosilicate furnace. 
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According to the calculations with the model no potassium metaborates are 

expected to deposit in regenerators of these potassium borosilicate glass 

furnaces. Below 1230 K deposition of potassium tetraborate sets on and 

continues till 1070 K. For higher potassium or lower sulphur 

concentrations, potassium tetraborate deposition is of increasing 

importsnee in these regenerators. 

For this case the dust formed in the regenerator consists of 720 mg 

potassium sulphate and 210 mg potassium tetraborate per cubic metre 

exhaust gas volume (under normalized conditions 298 K and 1013 mbar). 

5.2.5 Deposition of salt coaponents in regenerators of lead glass 

furnaces 

From lead glass melts, produced in industrial furnaces, lead vaporizes as 

PbO or Pb(OH)2 • The concentrations of all leadcompoundsin the exhaust 

of the furnace vary for most practical cases between 75 volu~e-ppm and 

300 volume-ppm. Kaiser [4] gave ratention factors of approximately 95% 

for the lead remaining in the glass melt of a furnace producing a glass 

with 24 weight-% PbO. Approximately 5~~ of the added lead vaporizes. This 

value gives a concentratien of approximately 100 volume-ppm óf lead 

components in the exhaust gases. 

However, for some glass furnaces producing lead glass, the ratention 

factor may be as low as 90%. The depaaition behaviour of a flue gas from 

a natural gas-fired furnace producing lead glass with high volatilization 

rates is presented in figure 5.8. 

The total concentratien of lead compounds in the exhaust of this furnace 

is 280 volume-ppm, the sulphur concentratien amounts to 50 volume-ppm. 

Lead oxide deposits between 980 and 1150 K in the regenerator of this 

furnace; the maximum deposition rate is 12.5 g/cnf per year. 

Lead oxide and lead sulphate condense simultaneously at the refractories 

between 980 and 1070 K, compounds like 2PbO.PbS~ may be formed. 

Below 900 K no deposition takes place according to our model. The dust 

contains PbS!l., PbO and combinations of these components. fo,r a flue gas 

containing only 140 volume-ppm lead compounds and no sulphur components, 

lead oxide deposition sets on below 1110 K. The maximum deposition rate 

for this case has been calculated to amount to 6 g/cnf per year. The 

deposition behaviour of the sulphur free flue gas is represented by 
figure 5,9, 
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Figure 5.9: Deposition rates of PbO in regenerators of gas-fired lead 

glass furnaces, with sulphur free flue gas. 
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Little or no lead oxide condensas in the regenerators of heavy oil-fired 
glass furnaces. This is in accordance with the analysis of dust 

precipitated from stack gases of oil-fired lead glass furnaces. 

Figure 5.10 shows the deposition behaviour of a flue gas with 140 

volume-ppm lead and 500 volume-ppm sulphur. Deposition of lead sulphate 

takes place between 970 and 1125 K. The deposition rate for lead sulphate 

in this case is especially high between 1020 K and 1100 K and amounts to 

7 mg/111 .s. The exhaust gases from these regenerators contain ,1500 mg 

PbSU. dust per cubic metre exhaust gas volume (under normalized 

conditions 298 K and 1013 mbar). 
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Figure 5.10: Deposition rates of PbS~ in regenerator of an qil-fired 

lead glass furnace, 

5.3 Oeposition processes in recuperators of glass furnaces 

5.3.1 Flow conditions in radiative recuperators 

Various recuperator constructions have been applied in the glass 

industry. The most commonly used recuperator type is the so-called 

radialion recuperator (section 1.1.4.2) where flue gases flow in a inner 

circular tube, heating the cambustion air flowing between the inner and 

outer walls of the recuperator. 
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The flue gases cool down from 1SSO - 1400 K to 12SO à 10SO K. The air 
preheat tempersture may reach values of 10SO K in case of counter flow 

models. The flow conditions of the exhaust gases in these recuperators 

are turbulent, Reynolds numbers vary from 2.1d+ to 105 • Normally the air 

veloeities in the space between the inner and outer tube are so high that 

the heat transfer is mainly determined by the transport from the flue gas 

to the inner wall of the recuperator. 

The occurrence of salt deposits or batch carry-over deposits at the flue 

gas side of these heat exchangers leads to a deeresse in heat transfer 

towards the inner wall. The Reynolds number for flue gas conditions is 

given by relation S.6. 

Re = p .v.d/p. (S.6) 

where: d = the diameter of the inner tube of the recuperator (m). 

From Bird, Stewart and Lightfoot (s] the following relations for the 

Nusselt number and Sherwood number have been derived for turbulent flows 

in a circular tube: 

Nu = S.O + 0.02S (Re * Pr)O.B (5. 7) 

Sh = 5.0 + o.ozs * (Re * sc)
0•8 (5.8) 

Equation 5.8 is used to calculate the maas transfer coefficients for 

recuperators as a function of exhaust gas velocity, tempersture and 

recuperator diameter. 

The values for the Sherwood number for practical situations are in the 
order of 1 cf • Re lation (5. 8) is va lid for pos i ti ons in the recuperators 

in axial direction after a length of one channel diameter from the flue 

gas entrance. 

5.}.2 Ta.perature distribution in the recuperator 

Two types of recuperators are distinguished: parallel flow recuperators 
and counter flow recuperators. 
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In parallel flow reeoperators the cambustion air flows parallel to the 
flue gases preventing overheating of the reeoperator materiala in 

sections where the flue gas temperatures are extremely high. 

Reeoperators may also be constructed in the counter flow device to 

achieve high air preheat temperatures. In reeoperators the inner wal! 

tempersture reaches values generally differing only slightly from the 

local air temperature. Initially the wal! tempersture is equal to the 

depaaition tempersture as the inner surface of the reeoperator tube has 

not yet been fouled by deposits. The tempersture of the depaaition 

surface increases with time due to the layer of material that sticks to 

the inner wal! reauiting in decreasing heat transfer rates from the flue 

gases to the cambustion air. The tempersture of the depaaition surface is 

always higher than the tempersture of the metallic wall or the air. The 

tempersture distribution for the flue gas, the depaaition surface, the 

inner wall and the cambustion air for a counter flow reeoperator is given 

in figure 5.11. In the next section the depaaition behaviour for flue gas 

condensates is presented for counter flow as well as parallel flow 

condit i ons. 
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Figure 5.11: Typical tempersture distribution in recuperator.with 

cambustion air in counter flow direction. 
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5.'·' Depaaition of aalt componenta in recuperators of soda-lime glass 

furnaces 

In sectien 5.2.3 was shown that the most important depaaition and 

condensation products in exhaust gaaes of soda-lime glass furnaces are 

generally liquid or solid sodium sulphate. 

The sodium sulphate deposits from the flue gases are formed at surface 

temperatures below 1300 - 1400 K. The surface temperatures in 

recuperators never exceed these temperatures, sodium sulphate depaaition 

sets on at the inner surface of the recuperator directly at the flue gas 

ent rance. 

This depaaition of sodium sulphate tagether with batch carry-over, for 

example silica or alumina, may lead to formation of glassy layers at the 

surface near the flue gas entrance. The simulation model does not account 

for carry-over depaaition and only the condensation of salt components at 

the surfaces of the recuperator has been studied, The flue gas 

campaaition for the basic situation is given in table 5.7 tagether with 

two other situations. The basic situation may be realistic for a furnace 

fired with a light oil using synthetic soda as the sodium oxide supplier. 

Table 5,7: Flue gas compositions of recuperative soda-lime glass 

furnaces. 

basic situation situation 

situation 1 2 3 

fuel light oil natura! gas light oil 
synthetic/natural soda synthetic synthetic nat u ral 

soda soda soda 
chlorine concentratien vol.-ppm 62.5 62.5 -
aodium concentratien vol.-ppm 125 125 125 

sulphur concentratien vol.-ppm 250 125 250 

oxygen concentratien vol.-ppm 4.4 4.4 4.4 
water concéntration vol.-ppm 15 15 15 

carbon dioxide concentratien vol.-% 15 10 10 

··-·-·-
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Sodium sulphate deposits as a result of condensation at the inner surface 
in the lower parts (with higher flue gas temperatures and wal! 

temperatures) of the counter flow recuperator above temperatures of 900 

K. The maximum depaaition rate amounts to 2.6 mg/nf! .s at app:roximately 

1100 K as may beseen from figure 5.12 for the basic situation. 

Changing from light oil-firing to natura! gas-firing leads to a slightly 

altered depaaition behaviour as is shown by curve 2. 

Curve 3 represents the depaaition rates of sodium sulphate from chlorine 

free gases. Depaaition of gaseaus components condensing at f:he surface 

takes place only at high surface temperatures in this case, with maximum 

rates 5%·higher than for the previous cases. 

Depaaition of particulates (below 1000 K) formed in the flue gases by 

homogeneaus or heterogeneaus condensation processas is described briefly 

in section 5.4. 

Our model prediets that depaaition rates in recuperators increase by 

about 80% by doubling the flue gas veloeities in the same r~cuperator. 

Only 2 to 4 percent of the formed sodium sulphate deposits àt the surface 

of the inner wal! of these recuperators. More than 96% is emitted by the 

flue gases as sodium sulphate dust as shown in section 5.5. 'Figure 5.13 

represents the temperature profile of a radiation recuperator with the 

cambustion air flowing parallel to the exhaust gases. These;recuperators 

are preferably applied for exhaust gas flows with inlet temperatures 

above 1500 K. 

The deposition of sodium sulphate in a parallel flow recuperator for the 

flue gas composition of the base case is shown in figure 5.14. The 

exhaust gas temperature decreasas from 1600 to 1150 K, in the direction 

towards the top of the recuperator. 

Since the air tempersture at the bottorn is approximately 40~ K, the wal! 

and deposition temperatures are rather low in this section. The 

deposition temperature increases for this particuier case from 650 to 

1050 K. Figure 5.14 presents the deposition rates of sodium sulphate in 

this recuperator for the basic case composition and the chlorine free 

flue gas, curve 3.Deposition is nearly constant for both cases in the 

lower half of the recuperator tube. for the chlorine free case deposition 

decreasas faster than in the basic case. The only deposition product in 

the counter flow recuperator, is sodium sulphate. 
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Figure 5.13: Typical tempersture distribution in the recuperator with 

combustion air in parallel flow direction. 
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From calculations for counter flow as wel! as parallel flow reeoperators 
it is concluded that deposition mainly takes place at the lower parts of 

the recuperator tubes. For both cases the depaaition rates reach values 

upto 2.9 mg/mf.s or a growth of the deposition layer of 6.0 cm per year. 

In these parts of the recuperator the flue gas temperatures exceed 1200 

K; condensation in the main flow at lower temperatures leads t.o a 

deeresse in depoei ti on in the higher parts of the recuperator ,. wi th lower 

flue gas temperatures. 

5.3.4 Deposition of salt COIIIpOilents in recuperators of sodi._... 

borosilicate glass furnaces 

Furnaces producing sodium-borosilicate glasses are predominantly of the 

recuperative type producing 50 to 150 tons/day. The exhaust gas 

compositions considered here to study the depaaition behaviour in counter 

flow recuperators are given in table 5.8. 

Table 5.8: Typical compositions of exhaust gases from recuperative 

sodium-borosilicate glass furnaces. 

basic case case case 

case 1 2 3 4 

fuel natura! natura! natura! oil 
gas gas gas 

sodium concentratien vol.-ppm 400 600 300 400 

sulphur concentratien vol.-ppm 100 100 100 500 
boron concentratien vol.-ppm 400 400 300 400 
oxygen concentratien vol.-% 2.2 2.2 2.2 2.2 
carbon dioxide concentration vol.-~ 10 10 10 10 

water vapor concentratien vol.-% 15 15 15 15 

nitrogen concentratien vol.-% 72.8 ·72.8 72.8 72.8 
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The sulphur present in the flue gases originetea from the dissociation of 
sodium sulphate as a refining agent in the melt. In case number 4 

additional sulphur cornea from the cambustion of the sulphur rich fuel. 

The depaaition of sodium sulphate and sodium borates for flue gas 

composition number 1 and 2 at the inner wal! of the recuperator is 

presented in figure 5.14. Sodium sulphate deposits in the lower part of 

the recuperator in bath cases. The concentration of sodium is in excess 

relative to that of sulphur regarding sodium sulphate conversion. The 

deposi ti on of N~ 5(1. is for these cases mainly determined by the sulphur 

concentration in the flue gases. 

However, in case 2, sodium metaborate deposition rates in the bottam 
parts of the recuperator are much higher than in the basic case. 

This enhancement in NaB02 deposition for higher sodium concentrations 

leads to lower N~S~ depaaition rates at deposition temperatures between 

1000 and 1150 K. 
At depaaition temperatures of approximately 1050 K sodium metaborate is 

converted into sodium tetraborate by absorbing one 8203-molecule per two 

NaB02 monomers. This leads to a sudden increase in the deposition rate at 

this point as may beseen from the dotted line in figure 5.14. 

In the basic case the sodium/boron ratio is unity, but in the second case 

this ratio increased to 1.5. for this campaaition (case 2) the sodium/ 

boron ratio is too high for the conversion of sodium metaborate into 

sodium tetraborate. 

for the four cases mentioned in table 5.8, the regions in the recuperator 

for the different depaaition products are given in table 5.9. 

Table 5.9: Deposition products in the different sections of the 

recuperator (distances given in metree from the bottam or 

flue gas inlet). 

case case case case 
1 2 J 4 

NaB02 0 - 2.5 m 0 - 4 m 0 - 2.5 m -
NEi2 B~t07 2.5 - 5 m - 2.5 - 5 m -
Ne.,zS~ 0 - J m 0 - 2 m 0 - J m 0 - 4 m 
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Figure 5.14: Calculated deposition behaviour of the exhaust gas from 

a sodium-borosilicate glass furnace in counter flow 

recuperator. 

The maximum deposition rate for flue gas number 2 is 8 mg/rnf.s sodium 

metaborate, this value is among the highest rates calculated for these 

flue gases. The depaaition of sodium sulphate hardly exceeds values of 5 

mg/rrt .s in natura! gas-fired furnaces, but reaches values of 8 mg/m2 .s 

(16 cm per year) for oil-fired tanks. 

For flue gas number 1, 96% of the sodium present in the exhaust is 

emitted as sodium tetraborate or sodium sulphate from the recuperator. 

Only 3% of the sodium is deposited as a borate or sulphate. Only 4% of 

the boron present in flue gas 1 deposits in the recuperator as a sodium 

borate and approximately 3.5% of the total sulphur contents remains at 

the inner wall of the recuperator. Generally not more than 5% of the 

impurities deposits as a result of condensation at the recuperator 

surfaces. The remainder is transported partly as condensed and partly 

as gaseaus material with the flue gas flow to the stack. 
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5.4 Deposition of particulates in secondary heat exchangers and in the 
colder parts of regenerators 

In this section the depaaition of condeneed matter like dust or 

particulates in the colder parts of heat exchanger devices is discussed. 

Deposition of components transported as gaseous species through the 

boundary layers of the immereed obstacles.and condensing at the surface 

of the bricks, tubes or cylindrical objects is mostly negligible in these 

exchangers. 

In the next discuesion the complexity of the processes involved in the 

deposition of particulates is shown and the different kinds of deposition 

processes are presented in brief. 

5.4.1 MechaniSIIS for particulate deposition from dust loaden flue gases 

The depaaition of particulate matter in the submicron range originates 

from five different mechanisme (neglecting electrastatic farces) (Fuchs 

[ 6]): 

1. gravitational settling (for example sedimentation); 

2. depaaition by inertie of the particulates; 

3. interceptional deposition; 

4. depoeitien by Brownian diffusion; 

5. depaaition by thermophoretic farces. 

These processes may take place simultaneously or seperately. For the 

practical situation of mainly submicron sized dust particles in exhaust 

gas flows with veloeities of 2 to 10 m/s and local tempersture 

differences of 100 to 300 K, only inertiel deposition mechanisme, 

deposition by Brownian diffusion and depaaition caused by thermophoretic 

farces have to be considered. 

5.4.2 Deposition by inertia effects 

The partiele trajectories deviate from the flow patterne of the gas phase 

of flue gases flowing along a flat plate or around cylindrical or 

spherical surfaces, illustrated by figure 5.15. 
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------ partiele trajectory 

Figure 5.15: Partiele and gas trajectories of a potentiel flow field 

around a cylinder. 

Considering a two-dimensional field, for example the flow in upstreem 

direction of an obstacle, the partiele veloeities Ux en Uy in both 

directions generally differ from the gas veloeities Vx en Vy• 

These inertie forces result in increasing partiele concentratiqns near 

the obstacle. However, only for Stokes numbers larger than 0.125 this 

leads to non-zero deposition rates for stagnation point flow at a 

cylindrical surface. 

In the case of flue gases from glass furnaces Stokes is of the order of 

10~ - 10-4 • lnertia effects only cause an increase in particulate 

concentration near the deposition surface but do not directly lead to 

deposition of dust. 

Fernandez de la Mora and Rosnar [7] showed that deposition takes place by 

thermophoretic or Brownian diffusion, but that the increase of the 

conèentration of particulates near the deposition surface enhances these 

diffusion rates. 

The coupled effects of inertie forces, thermophoretic forces and Brownian 
diffusion depend on the geometry of the deposition surface, the partiele 

sizes of the dust, the local tempersture gradients and the flue gas 

velocity. The real situation for exhaust gases of glass furnaces is much 

too complex for a detailed description of the deposition process of duet 

particles in the lower parts of the regenerator or in secondary heat 

exhanging devices. The description of these processas is beyond the scope 

of this thesis. 
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Zimon [8] used a more practical approach and distinguished three types of 

deposition processes. 

The first type is the formation of free-running deposits. The 

contamination by this process for example in case of a flow around a heat 

exchanging tube depends strongly on the flue gas veloei ty. 

At first deposition increases with increasing velocity but after reaching 

a eertsin value deposition rates deeresse again. Free running deposits 

are primarily formed at the surface of the circular tubes in the 

stagnation point of the flow (front side) and the back side of the tube 

see figure 5.16. 

Secondly, tacky deposits may be formed: these deposits contain 'tacky' 

particulates, which are especially important in exhaust gases of glass 

furnaces since alkali sulphates and pyrosulphates (K2s2o7 or Na2 S2 ~) 
are usually rather tacky. 

Thus especially in exhaust gases of glass furnaces fired with heavy oil, 

deposition of alkali sulphates and reactions of sulphates with 503 to 

form alkali pyrosulphates may lead to tacky deposits. 

The third form are the dense deposits like the resetion products of 

sodium sulphate or potassium sulphate dust with iron oxide Fe203 
(corroded in the heat-exchanger). Dense deposits are also formed by 

resetion of already deposited alkali sulphate with S~ lesding to dense 

N~ ~ ~ deposits and the corrosi ve NaHSU. or KHS(\ deposi ts. 

t 
Figure 5.16: Form of deposits on a heat-exchanger pipe. 
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5.5 Emission of particulates and gaseous coaponents froa glass furnaces 
according to equilibriu. calculations 

The campaaition of furnace steek gases strongly depends on the glass 

composition and the fuel. Thermadynamie equilibrium calculations have 

been eerried out, as described in chapter 3, to determine the steek gas 

composition at 550 K. This tempersture is realistic for the exhaust gases 

in the stack of the glass furnaces. 

The equilibrium calculations have been eerried out first to investigate 

the nature of the thermadynamie stabie compounds in the flue gases. The 

main purposes of these calculations are the determination of the gaseaus 

composition of the stack gases and the possible reactions of the dust 

constituents with gaseaus species. The chemica! equilibrium composition 

of sulphur oxide or other sulphur compounds may differ considerably from 

the reel composition below 700 K, due to the limited resetion rates for 

the conversion of 502 to 503 • However, in spite of the discrepancies 

between the equilibrium composition end real composition, the 

thermadynamie approach gives a rather good estimation of the behaviour of 

the flue gases at low temperatures (below 700 K). 

5.5.1 Composition of dust and gaseous pollutants froa soda-li-. glass 

furnaces 

Ta estimate the emission from soda-lime glass furnaces we calculated the 

equilibrium composition of the gas phase end the dust particles for 4 

representative flue gases. These flue gases are presented in table 5.9 

tagether with the main constituents at a stack tempersture of 550 K. 

According to Gebhardt et al [9], further cooling of the steek gases in 

oil fired furnaces may result in formation of sodium bisulphate (NaH504 ) 

dust. Addition of magnesium oxide or calcium oxide lowers the 

concentrations of the gaseoous sulphur oxide compounds. The formation of 

corrosive compoundsas sulphuric acid, sodium pyrosulphate (Na25207) or 

sodium bisulphate (NaH5~) may be inhibited by addition of MgO ar CaO to 

the flue gases of oil-fired furnaces, according our equilibrium 

calculations and observations of Webbet al [10]. 
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Tabla 5.9: Composition of dust and gaseaus pollutants from stack gases of 
different regenerative soda-lime glass furnaces (on a basis of 

8 volume-% oxygen in exhaust gas). 

eaee 1 z ) 4 

ruel heavy oil light oil natura! gas naturel gu 
aodiuoo vol. ·PP"' 150 125 125 125 
ehlorine vol.-pplll 62.5 62.5 62.5 62.5 
sulphur vol.-pplll 1000 250 125 25 

equilibriut COllipaaition at 550 K: 

gaseaus IUlphur oKidas 
(preaentsd u 50:! ) "''J/11~ 1740 S1,6 126 -
HCl "''J/~ 72.0 72.0 n.o -
Na:tSDro duet "''JJ•~ - - 24S 97 

NaHSIIro duBt "'111•~ - - - -
Naz 5z 0, duBt "'111•~ 456 )BQ - -
Na:tCilJ duet "'111•~ - - - 34 

NaCl duet "''J/~ - - - 10) 

* with only lll.nor IUlpl\llte IDdditi- to the bateh 

For heavy oil fired furnaces addition of 1.5 gramsof MgO or 2.0 gramsof 

CaO per m3 flue gas limits the emission of gaseaus sulphur oxide 
n 

compounds to nearly zero. 

5.5.2 Coaposition of dust and gaseaus pollutants fra. sodiua-borosilicate 

glass furnsces 

According to our calculation, the dust from gas-fired furnaces producing 

sodium borosilicate glass the dust consists mainly of sodium sulphate and 

sodium metaborate. 

At temperatures as low as 550 K sodium borates (NaB02) may react with the 

water vapor or the residual gaseous boric acid to complex forma of 

borates. According to our chemica! equilibrium calculations the main 

gaseaus constituent of flue gases of these furnaces is boric acid (H3B03) 

but for heavy oil-fired furnaces emission of gaseaus sulphur oxides may 

take place. 
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5.5.3 Coaposition of dust and gaseous pollutants from lead glass 
rumaces 

Natura! gas-fired lead glass furnaces normally emit only chlo~ic acid as 

a gaseous compound to the atmosphere. The dust from these furnaces 

consists mainly of lead oxide, some alkali sulphates (Na2so4 or K2 S~) 
and minor amounts of lead sulphate. According to our equilibrium 

calculations also combinations of lead oxide and lead sulphate may be 

formed for example 4PbO.PbSfl. • 

In the exhaust gases of oil-fired furnaces all the alkali compounds and 

lead compounds will be converted into sulphate dust (N~S~, ~S04 and 

PbS,G.). This is in agreement with the observations made by Kaiser [4] for 

natura! gas-fired and oil-fired lead glass furnaces. 

The remsinder of sulphur containing species may react with the alkali 

sulphates to pyrosulphates (N~ 5:z ~ , K2 S:z ~ ) or will be emi tted as 

gaseous sulphur oxide. 
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5.6 Su-ry and conclusions 

The physical - chemica! model to determine deposition rates in flue gas 

systems has been successfully applied for regenerative and recuperative 

glass furnaces. Calculations have been carried out to estimate the 

depaaition as a reeuit of condensation of aalt or metal oxide compounds 

at regenerator bricks or recuperator walls. Besides, this model provides 

information about the amount and composition of the duet, formed in the 

flue gas and transported to the stack. 

Thermadynamie calculations have been carried out to determine the stabie 

flue gas components and the possible reactions of the duet with gaseous 

components down to 550 K. In spite of the discrepanciea between the 

equilibrium campaaition and the real composition of the stack gases at 

temperatures below 1000 K, this method gives a fairly good deacription of 

the chemica! nature of these gases. 

With the aid of some practical examples the applicability of the 

deposition model has been demonatrated for different situationa. It has 

been shown that the influence of glass composition, fuel compoaition and 

heat exchanger type on the nature of depaaition products and depaaition 

ratea can be calculated with this depaaition model. 

Deposition in regenerators and recuperators of soda-li~ glaàs furnaces 

Sodium sulphate is the most important condenaate deposited at regenerator 
bricks between temperatures of 1000 K and 1350 K. The depaaition rate is 

proportional to the sodium content of the flue gases. 

At high chloride concentrations depoaition of sodium sulphate sets on at 

temperatures lower than in case of chlorine-free flue gases. The 

depaaition rate for N~S~ reaches values of 5 g/crnf year in the 

middle-section of the regenerators at temperatures between 1250 K and 

1300 K resulting in a thickness of the depaaition layer of 2.5 cm - 3.0 

cm per year. 

In recuperators of soda-lime glass furnaces the maximum N~S04 deposition 

rates amount to 10 g/cmf year, in the lower sections, with flue gas 

temperatures above 1300 K. According to our calculations the maximum 

depaaition rate depende only very slightly on the fuel used. 

The depaaition of liquid sodium sulphate in regenerators of oil-fired 

furnaces takes place at surface temperatures a little (20 K - 30 K) 

higher than in case of natura! gas-firing, due to the higher sulphur 

amounts in the farmer case. 
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Sodium carbonate is formed at deposition temperatures between 900 and 
1050 K and sodium chloride between BOO and 1000 K in sulphur lean flue 

gases of soda-lime glass furnaces. 

Changes in oxygen, water vapor and carbon dioxide concentratiohs hardly 

influence the deposition behaviour in regenerators or recuperators of 

glass furnaces. 

The deposition rates increase for higher flue gas veloeities especially 

in recuperators. Condensation of sodium sulphate in parallel flow as wel! 

as in counter flow recuperators takes place in the part where the main 

flue gas tempersture exceeds 1200 K. 

Deposition in regenerators and recuperators of borosilicate glass 

furnaces 

In regenerators or recuperators of oil fired sodium-borosilicate glass 

furnaces, the only deposition product to be expected according, to our 

calculations is sodium sulphate. Deposition of Na2S04 in regenerators of 

these furnaces predominantly takes place below 1400 K, deposition rates 

may reach values of 10 g/c~ .year. In regenerators of natura! gas-fired 

sodium borosilicate glass furnaces the deposition products are: sodium 

sulphate at brick temperatures below 1370 K, sodium metaborate between 

1060 K and 1320 K and sodium tetraborate between 970 and 1060 K. 
Potassium tetraborate and potassium sulphate are the main depaaition 

products in regenerators or recuperators of potassium-borosilicate glass 

furnaces. 

Deposition in regeneratora of lead glass furnaces 

For·alkali free flue gases lead sulphate and lead oxide are the main 

deposition products in regenerators for lead glass furnaces. In oil-fired 

furnaces the main depaaition product is lead sulphate at brick surface 

temperatures between 990 and 1120 K, reaching depaaition rates of B 

mg/~ .s (6 g/cm2 .year). Lead oxide deposition takes place in these flue 

gases with lower rates between 900 K and 1120 K. 

In regenerators of natura! gas-fired furnaces lead oxide predominantly 

condensas at the surfaces of the bricks between 1000 and 1150 K, lead 

sulphate depaaition ia expected below 1070 K. In alkali lead glass 

furnaces deposition of sodium sulphate or potassium sulphate wil! take 

place before deposition of lead compounds sets on. 
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NOMENCLATURE CHAPTER 5 

A semi-empirica} derived parameter in equation 5.5 

A' constant in Nu-relation (5.2) 

B semi-empirica} derived parameter in equation 5.5 

B' constant in Nu-relation (5.2) 

m diffusion coefficient (mf/s) 

d characteristic diameter (m) 

~ cubic metre under normalized condition (1013 mbar, 295 K) 
n 

Nu Nusselt number (equation 5.2) 

Pr Prandtl number (5.4) 

p.p.m. volume parts per million 

Re Reynolds number 

R radius of cylinder 

Sc Schmidt number (5.3) 

Sh Sherwood number (5.1) 

v gas velocity (m/s) 

Greek symbols 

gas density (kg/m3 ) 

dynamic gas viscosity (kg/m.s) 
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APPENDIX A: Diffusion coefficients for inorganic gaseous molecules in 
cambustion gases* (given in cnf/s). 

Tempersture 1600 K 1200 K 800 K 

Component 

Na 2.88 1.74 0.83 

NaOH 2.26 1.35 0.64 

Na Cl 1.90 1.14 0.54 

N!J2 S04 1.38 0.83 0.4 

NaBIJ:l 2.16 1.29 0.61 

N112 S..07 1. 70 1.02 0.48 

(NaBIJ:l h 1.69 1.01 0.48 

HCl 3.15 1.94 0.97 

KCl 1.61 0.96 0.45 

KOH 1.86 1.11 0.53 

K2 S~ 1.26 0.75 0.35 

KB~ 1.79 1.07 0.50 

Pb 1.20 0.73 0.35 

PbO 1.13 0.68 0.32 

p~~ 1.00 0.60 0.28 

P~03 0,93 0.54 0.25 

Pil..~ 0.83 0.49 0.23 

PbsOs 0.76 0.45 0.21 

p~~ 0.70 0.42 0.20 

SIJ:l 2.31 1.42 0.71 

SOJ 2.13 1 .31 0.65 

HBIJ:l 2.88 1.75 0.85 

~803 2.03 1.24 0.60 

* Cambustion gas mainly consists of: 13 volume% li2 0 

4.4 volume% ~ 

9.0 volume% c~ 

0.8 volume% Ar 

72 .8 volume% ~ 
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APPENDIX 8 : Thermal diffusion factor parameters for inorganic vapors in 
cambustion gases*. 

Molecules oi,g a_ (-a:_l/a:"J 

A K 

Na 3.576 -0.0607 551.2 

NaOH 3.804 0.1592 429.52 

NaCl 4.186 0.3462 420 

NB;!S(\ 5.000 0.7828 476 

NaB(h 3.649 0.3886 447 

NB;! El. Üï' 4.041 0.820 594 

(NaB02 h 4.265 0.62 447.01 

HCl 3.339 0.0687 92 

KCl 4.715 0.427 456 

KOH 4.352 0.311 419 

K2 504 5.34 0.858 494 

KB~ 4.149 0.4774 489 

Pb 5.80 0.800 550 

PbO 5.80 0.810 596 

Pb-.2 02 6.25 1.10 596 

P~03 6.70 1.25 596 

Pb404 7.15 1.35 596 

Pb;; Os 7.60 1.40 596 

Pb6Ü6 8.05 1.45 596 

S(h 4.112 0.3131 198 

503 4.207 0.3977 184 

HB~ 3.177 0.1808 315.4 

H3B03 4.279 0.3649 294.6 

* Cambustion gas mainly consiste of: 13 volume'-' ~0 

4.4 volume% ~ 

9.0 volume~ c~ 

0.8 volume% Ar 

72.8 volume'-' ~ 
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APPENDIX C 

Calculation procedure for deposition in flue gas channels 

The deposition of aalt componenta at surfaces in flue gas channels or 

regenerators haa been described with a computer aimulation model. This 

model asaumes a eertsin tempersture profile for both the flue gas flow 

and the depaaition aurfaces. Starting point ia the flue gas entrance, the 

calculation proceaa fellows the direction of the flue gas flow. 

The initia! concentrations of the flue gas elements is dependent on the 

volatilization process in the glass melting furnace. 

The average tempersture of the flue gas and deposition surface is 

determined for a smal! sectien in the flue gas channel. The diffusion 

parameters, the Sherwood numbers and resetion equilibrium constants are 

determined for this aection for the relevant temperature. 

As an example, here the calculation procedure is preaented for aodium 
sulphate depaaition in a flue gas with sodium, sulphur and chloride 

compounda. The deposition of other compounds like sodium borates, lead 

oxide, lead aulphate etc. or deposition of aeveral componenta together is 

calculated in a similar way. 

The procedure for the example of sodium sulphate deposition exista of the 

following steps. 

1. The equilibrium composition of the host flue gas phase is calculated 

in a smal! aection of the exhaust gas channel for the preveiling 

tempersture and dopant concentration. So the concentrations of the 

most important componenta, NaOH, Na, (Na0H)2, NaCl, HCl, N92S~, so2 
and SQ3 are calculated by means of the equilibrium calculations 

introduced in chapter 3. In case of eendensstion in the host gas, the 

condensed product is assumed not to take part in the transport process 
through the boundary layers. 

2. Two cases have to be considered: 

a. no eendensstion at the surface 

b. condensation of N~S04 at the surface leading to Na2so4 depoaition. 
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first, no condensation at the surface is assumed (case a), the 
concentratien of NaOH, 502 and HCl at the depaaition surface are 

roughly estimated and the concentrations of the other compounds are 
calculated by means of the thermadynamie equilibrium model. 

3. The flux of every component through the boundary layer towards or from 
the surface is calculated by formula (4.5), neglecting chemica! 

reactions in the boundary layer. 

ror case a (no deposition) the total flux of all chloride species has 
to be zero and the total flux of all sodium and all sulphur has to be 

zero. lf these fluxes deviate from zero, the concentrations of NaOH, 

502 and HCl at surface locations have to be adjusted by an iterative 

calculation procedure until the condition of a zero net-flux for 

sodium, sulphur and chlorine is met. 

4. The flue gas composition at the surface is calculated for a net 

deposition rate equal to zero. In case the sodium sulphate vapor 

preesure exceeds the saturation value, depaaition of sodium sulphate 

takes place. ror this second situation (case b) the concentrations or 

vapor pressures of NaOH and 502 are related to the following equation: 

p 112{}z • p 5{}z • p2 NaOH 

p ~0 

where: 

p* N82504 = the saturation value for the sodium sulphate partial 

preesure 
K = equilibrium constant at tempersture for the reaction: 

NB;25ilt (g) + H20 + 1/2 02 + 502+ 2NaOH(g). 

C(1) 

The concentrations of NaOH and HCl are estimated for the flue gas at 
the surface, with relation C(1) the 502 concentratien or vapor 

preesure is calculated. 
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5. For case b (eodium sulphate deposition) the total flux of chloride 
containing species hae to be zero, but the total flux of sodium hae to 

be twice the eulphur flux for N8250~ deposition. The NaOH and HCl 

concentrations are iteratively adjusted until these conditions are 

met. 

The depaaition rate of sodium sulphate is calculated by means of 

equation (4.9) per unity of deposition.area. 

6. From the known values of the specific surface of the flue gas channel, 
the deposition of sodium sulphate is calculated. The composition of 

the flue gas flowing from the section under consideration to the next 

section is corrected for the depaaition of sodium and sulphur as 

N~S~. 

7. This methad was successively applied out for all the sections in the 

flue gas channel reeuiting in: 

a. calculation of the depaaition rates for N~SO~ at every location in 

the flue gas channel. 

b. calculation of the nature of the condeneed product in the flue gas 

and the amount of condeneed material. 

c. the calculation of the composition of the gaseaus components at 

every position in the flue gas channel. 
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SlMlAR V 

The formation of flue gas deposits leads to a decreasing thermal 
efficiency in the heat exchanging systems of industrie! glass furnaces. 

Eventually it may even result in blockages of flue gas channels. 

Condensation particles in the exhaust gas cause the emission of dust from 

the furnace chimney. 

This thesis describes the origin of deposits end condensation phenomena 
in exhaust gases of glass furnaces. 

A simulation model was developed to describe the condensation end 

depaaition processas in exhaust gas channels. The Chemically Frozen 

Boundary Layer (CFBL) theory -originally developed for other cambustion 

systems- has been modified to calculate the depaaition rates and the 

exhaust gas campaaition in regenerators and recuperators. The model 

consists of a combination of the thermadynamie theory and mass transport 

equations for the diffusion of gaseaus components towards the depaaition 

surface. The campaaition of the condensation products and the depaaition 

rates were atudied experimentally and compared with the results from the 

model. 

Experiments were eerried out on a laboratory scale using simulated flue 

gases. In most cases, the nature of the condensation products in the 

simulated flue gases agreed satisfactorily with the results from the 
model. 

Depaaition rates of salts or metal oxides from the flue gases ar flames 

on caoled cylindrical surfaces and in exhaust gas channels were measured 

and compared with theoretica! estimates. 

In most cases the CFBL theory provides rather accurate results for the 

depaaition rates on the caoled cylindrical surfaces, but the dew point 

temperatures for alkali sulphate depaaition tend to be overestimated by 

the theory. This discrepancy could be due to resetion kinetic 

limitations. 

The depaaition model, which makes use of the CFBL-theory, was succesfully 

used to describe the depaaition rates of flue gas components condensing 

on the surfaces of the exhaust gas channel. The depaaition of dust, 

formed in the main flue gas flow is neglected in the model and this 

results in differences between the experimental depaaition rates and 

theoretica! depaaition rates, at low temperatures. 



According to the experimental results and the theory, condensa~es in the 
flue gases are mainly: 

1. sodium sulphate in oil-fired and gas-fired soda-lime glass ,furnacea 

and oil-fired sodium-borosilicate glass furnacea. 

2. alkali sulphatea (K2so4 and/or Na2S04 ) and alkali boratea in gas-fired 

borosilicate glass furnaces. 
3. lead oxide in gas-fired lead glass furnaces and lead aulpha~e in 

oil-fired lead glasa furnaces. 

Condenaation occurs mainly in a tempersture range of: 150-200 K. Alkali 

sulphate condensation and deposition begins below 1300-1400 K; whereas 

condensation or deposition of alkali borates and lead compounds takes 

place below 1150 K. 

According to the simulation model, deposition of salts causes fouling of 

the middle sections of the regenerator. In a recuperator, deposition 

occurs mainly in the lower section, at higher flue gas temperaturea. 

Deposition behaviour in recuperators and regenerators depende ~trongly on 

the concentration of volatiles originating from the molten glass and on 

the flue gas velocity. Higher deposition rates in regeneratora:are more 

likely with larger tempersture differences between the regenerator 

packing material and the main gas flow. 

The concentrations of oxygen, water vapor and carbon dioxide are of minor 

importsnee regarding condensation and deposition behaviour. 

Chloride volatilization from the molten glass results in a reduction of 

the maximum sodium sulphate depaaition rate. 

The model gives a clear· insight into the chemica! reactions that occur in 

exhaust gases and the formation of dust particles in the regenerator, 

recuperator and chimney. Reactions between sulphur oxides and alkali 

sulphates at temperatures below 600 K lead to the formation of corrosive 

alkali bisulphates and/or pyrosulphates in oil-fired furnaces. ' 

The model provides the glass industry with a method for investigating the 

fouling of regenerators and recuperators, as wel! as the reactions that 

can lead to the formation of duet particles and gaseous pollutants. 

So far calculations have agreed satisfactorily with practical situations 

in the glass industry, therefore, the model eppears to be a valuable tooi 

in design studies for new types of heat exchangera. 



SAMENVATTING 

Depositie van rookgascomponenten leidt tot een vermindering van het 

warmtetechnische rendement in warmtewisselaars van industriële glas­

ovens. Eventueel kunnen verstoppingen in rookgaskanalen het gevolg zijn. 

Condensatie in het rookgas resulteert in de emissie van fijne stof­

deeltjes uit de glasovenschoorsteen. Dit proefschrift beschrijft de 

processen die leiden tot depositie en condensatie in afgassen van 

industriële glasovens. 

Een simulatiemodel is ontwikkeld om deze processen in rookgaskanalen te 

bestuderen. De 'Chemically Frozen Boundary Layer' (CFBL) theorie 

-oorspronkelijk opgesteld voor andere verbrandingssystemen- is aangepast 

om depositiesnelheden en rookgassamenstellingen in regeneratoren en 

recuperatoren te berekenen. Het model bestaat uit een combinatie van 

thermodynamische theorieën en staftransportvergelijkingen voor diffusie 

van gassen naar oppervlakken waaraan depositie plaatsvindt. 

De samenstelling van het gecondenseerd materiaal en de mate waarin 

depositie optreedt werd experimenteel onderzocht en vergeleken met de 

resultaten van het model. 

De experimenten werden uitgevoerd op laboratoriumschaal met gebruikmaking 

van gesimuleerde glasàvenrookgassen. In de meeste gevallen kon de 

chemische samenstelling van de gevonden condensatieprodukten met het 

theoretisch model verklaard worden. Depositiesnelheden van zouten of 

metaaloxiden van hete rookgassen of vlammen op gekoelde cilindrische 

oppervlakken en in rookgaskanalen werden gemeten en vergeleken met 

theoretische afschattingen. 

Voor de meeste gevallen blijkt het model gebaseerd op de CFBL-theorie 

vriJ nauwkeurige resultaten te leveren, om de depositiesnelheden op het 

gekoelde cilindrische oppervlak te bepalen. Maar de berekende dauwpunten 

voor zoutcondensatie zijn in het algemeen hoger dan de waargenomen dauw­

puntstemperaturen. Deze afwijkingen worden voornamelijk veroorzaakt door 

reactiekinetische limiteringen. 

Het depositiemodel is met succes toegepast om depositiesnelheden van 

rookgascomponenten, die condenseren aan wanden van rookgaskanalen, te 

beschrijven. De afzetting van stofvormig materiaal, dat in de hoofd­

st~oming door afkoeling gevormd is, wordt in het model verwaarloosd. 



Deze verwaarlozing leidt tot verschillen tussen de experimenteel bepaalde 
depositiesnelheden en modelberekeningen bij lage rookgastemperaturen. 

Volgens de experimentele en theoretische resultaten zijn de meest voor­

komende condensatieprodukten: 

1. natriumsulfaat in oliegestookte en aardgasgestookte natronkalk­

glasovens en in oliegestookte natronborosilicaatglasovens. 

2. alkalisulfaten (Na2 504 en K2 504) en alkaliboraten in gasgestookte 

borosilicaatglasovens. 

3. loodoxide in gasgestookte en loodsulfaat in oliegestookte loodglas-

ovens. 

Condensatie vindt meestal plaats in een beperkt temperatuurgebied tot 150 

à 200 K onder de dauwpuntstemperatuur. Alkalisulfaatcondensatie en 

-depositie begint beneden 1300-1400 K; terwijl condensatie en depositie 

van alkaliboraten en loodcomponenten beneden 1150 K plaatsvindt. 

Volgens het simulatiemodel leidt zoutdepositie vooral in de middensecties 

van regenerato~en tot vervuiling en eventueel verstoppingen. In reeu­

paratoren vindt depositie vooral in de benedensectie, bij 'hoge rookgas­

temperaturen plaats. Het depositiegedrag in recuperatoren en regenera­

toren is sterk afhankelijk van de gehalten aan verdampingsprodukten van 

de glassmelt en de rookgassnelheid, Grote temperatuurverschillen tussen 

het rookgas en de regeneratorstenen leiden tot hoge depositiesnelheden. 

De depositie van zouten in de rookgaskanalen wordt slechts beperkt 

beïnvloed door de zuurstof~, waterdamp- en kooldioxideconcentraties in de 

gassen. Verdamping van chloriden uit de glassmelt resulteert in een ver­

mindering van de maximumwaarde voor de NS2S04-depositiesnelheid. 

Het simulatiemodel geeft een inzicht in de chemische reacties die plaats­

vinden in glasovenrookgassen en in de vorming van stofvormig materiaal in 

de regenerator, recuperator en schoorsteen. 

Beneden 600 K reageren zwaveloxiden met de stofvormige alkalisulfaten in 

oliegestookte glasovens waarbij de corrosieve alkalipyrosulfaten en/of 

alkalibisulfaten gevormd worden. 

Het model voorziet de glasindustrie met eèn methode om vervuiling van 

regeneratoren en recuperatoren te bestuderen en identificeert de reacties 

die leiden tot de vorming van stofdeeltjes en gasvormige verontreini­

gingen. 

De berekeningen die zijn uitgevoerd stemmen in het algemeen vrij goed 
overeen met praktische situaties in de glasindustrie en daarom blijkt het 

model een belangrijk middel voor het ontwerp van nieuwe warmtewisselaar­

soorten voor deze industrietak. 
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behorend bij het proefschrift van R.G.C. Beerkens 

l. Oe beweringen van Williams dat het gasvormige so
2 

en s
2
o3 de 

belangrijkste boriumhoudende componenten in rookgassen van borosili­

caatglasovens zijn is op grond van thermodynamische overwegingen on­

juist. 

11.1ll14111$ R.O., Pdst:o JLB.; 

Journal oL the Americdn Cerdndc SOC1et:y ~ (1982} 602-606 

2. De aanname van Brown, dat alleen transport van gasvormig natriumsul­

faat door grenslagen aan aangestroomde koude wanden de depositiesnel­

heid van natriumsulfaat in rookgassen bepaalt blijkt volgens uitge­

breidere modelleringen niet te kloppen. 

Brown T.D.; 

J. Inst. Fuel 1! (1966} 378-385 

3. Lage waarden voor de stofoverdracht tussen vaste stofdeeltjes en de 

gasfase in gepakte bedden bij lage Reynolds·getallen zijn in principe 

niet alleen te wijten aan de lage waarden voor de stofoverdrachts­

coëfficiënt maar worden bovendien bepaald door de lage waarden voor 

de drijvende kracht. 

Nelson P.A., Cdllowdy T.R.; 

Chem. B.Dg. Sc1., 30 (1975} l-6 

4. De aanname van Matousek dat verdamping van loodoxide uit een glas­

smelt gelimiteerd is door diffusie van loodoxide door de oppervlakte­

laag van de smelt is niet voldoende onderbouwd. 

Hatousek J., Hlavac J.; 

Class Technology 12 (1971} 103·106 



5. Veranderingen in de temperatuur van de gemengdeken van de grondstof­

fen in een glassmeltoven zijn van groot belang met betrekking tot af­

wijkingen van de glaskwaliteit. 

Leyens G., Horeau R.; 

Glastec:hn. Ber. ll tl97BJ 43-47 

6. De emissie van stikstofoxiden van industriële glassmeltovens is ge­

zien de te verwachten ontwikkelingen in branderontwerp en -geometrie 

met minstens 50\ te beperken. 

}lbbass1 H.A., Kh:Ln1t1s 11 • .1., FlemJng D.K., Kurzynslc.e F.R.; 

Narme Gas International 1t (1985) 325-329 

1. De verwisseling van het begrip 'welvaart' met het begrip 'welzijn' is 

kenmerkend voor de moderne welvaartstaat. 

8. De activiteiten van uitzendbureaus dragen bij tot de toename van de 

werkeloosheidscijfers in Nederland. 

9. De teruggang in de economische toestand, volgens politici veroorzaakt 

door de sterk stijgende prijzen van de energiedragers in 1913, blijkt 

in 1986 een niet-omkeerbaar proces. 

10. Recente gebeurtenissen bij het gebruik en misbruik van kernenergie 

geven de term 'verrijking' van uranium een twijfelachtige betekenis. 


