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Fouling by dust particles generally leads to a reduction of the heat transfer and causes corrosion of secondary heat exchangers. Α deposition 
model, including thermodynamic equilibrium calculations, has been derived and apphed to describe the deposition (i.e. fouhng) process and 
the nature of the deposition products in a secondary heat exchanger. The deposition model has been verified by means of laboratory 
experiments, for the case of flue gases from soda-hme glass furnaces. Corrosion of iron-containing metalhc materials, caused by the 
deposition products, has been briefly investigated with the same equipment. 

There is a close simüarity between the experimental results and model calculations. The largest deposition rates from flue gases on 
cyhndrical tubes in cross-flow configuration, are predicted and measured at the upstream Stagnation point. The lowest deposition rates are 
d e t e r m i n e d a t d o w n s t r e a m S t a g n a t i o n p o i n t l o c a t i o n s . At t u b e s u r f a c e t e m p e r a t u r e s of a p p r o x i m a t e l y 520 t o 550 K, t h e f o u l i n g r a t e o n t h e 

tube reaches a maximum. In this temperature region NaHS04 is the most important deposition product. This component is mainly formed at 
temperatures from 470 up to 540 K. The Compound Na3H(S04)2 seems to be stable up to 570 K, for even higher temperatures Na2S04 has 
been found. These deposition products react with iron, SO3, oxygen and water vapour forming the complex corrosion product Na3Fe(S04)3. 
NaHS04, which is formed at tube surface temperatures below 540 K, causes more severe corrosion of iron-containing materials than 
Na2S04. Maintaining temperatures of the heat exchanger surfaces above 550 to 600 Κ reduces the fouhng tendency and corrosion in case of 
flue gases from oil-fired soda-hme glass furnaces. 

Ablagerung von Staubpartikeln aus Abgasen von Glasschmelzöfen auf Wärmetauscheroberflächen 

Ablagerungen von Staubpartikeln in Sekundärwärmetauschern hinter Regeneratoren oder Rekuperatoren haben eine Reduzierung der 
Wärmeübertragung zur Folge. Ein Staubablagerungsmodell, das thermodynamische Gleichgewichtsberechnungen einschheßt, wurde zur 
Beschreibung der Ablagerungsprozesse und der Ablagerungsprodukte entwickelt und angewendet. Das Modell wurde durch 
Laborexperimente mit simulierten Rauchgasen von Kalk-Natronglasschmelzöfen getestet. Mit dieser experimentellen Anordnung wurde 
außerdem die Korrosion von eisenhaltigen metallischen Werkstoffen bestimmt. 

Zwischen experimentellen Ergebnissen und Modellberechnungen wurde eine gute Übereinstimmung gefunden. Die höchsten 
Ablagerungsraten der Rauchgase an den Wärmetauscherrohren für den Fall von Queranströmung finden sich am stromaufwärts gelegenen 
Staupunkt. Am stromabwärts liegenden Staupunkt wurden sowohl bei den Berechnungen als auch bei den Experimenten die niedrigsten 
Ablagerungsraten bestimmt. Bei Zyhndertemperaturen von 520 bis 550 Κ sind die Raten sehr hoch, und das Ablagerungsprodukt ist 
hauptsächlich NaHS04. Von 470 bis ungefähr 540 Κ wird NaHS04 gebildet, bis 570 Κ ist wahrscheinlich Na3H(S04)2 stabil, und bei 
höheren Temperaturen bestehen die Staubpartikel hauptsächlich aus Na2S04. Die ersten zwei Produkte werden aus Na2S04 gebildet durch 
Reaktion mh SO3 und Wasserdampf und können weiter reagieren mh Eisen, wobei komplexe Korrosionsprodukte wie Na3Fe(S04)3 
entstehen. Bei Oberflächentemperaturen der Wärmetauscherrohre unter 540 Κ entsteht NaHS04, das eisenhaltige Werkstoffe stärker 
korrodiert als Na2S04. Deshalb sohten in ölbefeuerten Kalk-Natronglasschmelzwannen diese Temperaturen möglichst oberhalb von 550 bis 
600 Κ liegen. 

1 . INTRODUCTION 

Flue gases from glass melt ing furnaces may contain 
Vapor i sa t ion products of the glass melt and products 
of fossil fuel combust ion . Part of the heat content of 
the flue gases is transferred to the combust ion air by 
m e a n s of regenerator or recuperator devices . The 
flue gas outlet temperatures from regenerators and 
recuperators are approximate ly 800 and 1100 K, 
respect ive ly . There is a considerable potential to 
e m p l o y a secondary heat exchanger at downstream 
pos i t ions from regenerators or especial ly recupera­
tors . T h e secondary metal l ic heat exchanger can be 
u s e d to preheat air or to generate s team. 
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HOWEVER, DUST OR DROPLET FORMATION TAKES PLACE 
CAUSED BY CONDENSATION OF SUPERSATURATED COMPO­
NENTS IN THE COOLING FLUE GASES AT TEMPERATURES 
BETWEEN 1300 AND 1100 K. THESE DUST PARTICLES HAVE 
DIAMETERS BETWEEN 0 .02 AND 0.6 ΜM [1]. IN CASE OF 
SODA-LIME GLASS FURNACES, THE DUST PARTICLES MAINLY 
CONSIST OF SODIUM SULPHATE (NA2S04). THE FOULING 
TENDENCY OF SECONDARY HEAT EXCHANGERS BY DUST 
PARTICLES REDUCES THE POSSIBIHTY OF FURTHER RECUPERA-
TION OF THE FLUE GAS HEAT CONTENT. THIS BEHAVIOUR OF 
FLUE GASES IN SECONDARY HEAT EXCHANGERS IS ALSO 
DESCRIBED FOR SOME PRACTICAL CASES BY WEBB ET AL. [2]. 
FLUE GASES OF OIL-FIRED FURNACES CONTAIN AMONG HIGH 
SO2 CONCENTRATIONS ALSO CONSIDERABLE AMOUNTS OF SO3 
GAS. IN THESE S03-RICH FLUE GASES, SODIUM PYROSUL-
PHATE (NA2S207) OR SODIUM BISULPHATE (NaHS04) ARE 



formed be low 600 K . Na2S207 and N A H S 0 4 , espe­
cially in the hquid State, cause severe corrosion of the 
metahic heat transfer surface, which wih reduce the 
l ifetime of the heat exchanger. AT THE same t ime the 
sticky properties of Na2S207 and N A H S 0 4 will 
enlarge the fouling tendency of the heat exchanger. 
THIS calculation procedure does not account for 
penetrat ion of the deposi t ion products in pores OF THE 
tube materials, assuming smooth metalhc surfaces. 

PURPOSE OF THIS study is TO obtain a better 
understanding of the fouhng and corrosion processes 
of secondary heat exchangers . Α Simulation model 
(deposi t ion m o d e l ) , derived from literature, HAS been 
APPHED TO predict THE deposi t ion (fouhng) rates and 
the nature of THE deposits as a function OF temper­
ature and location on THE HEAT exchanger tube. THE 
deposi t ion mode l has b e e n experimental ly verified on 
laboratory scale. FURTHERMORE, THE corrosion of 
iron-containing materials, caused by dust DEPOSITS 
from glass furnace flue GASES, HAS been investi­
gated. 

2 . THEORETICAL ASPECTS 

2 . 1 . Nature of deposits 

Kirkbride [3] , Wilhams and Pasto [4] , Roggendorf et 
al. [5] and Beerkens [6] described the chemical 
changes taking place in flue gases from glass furnaces 
during coohng. They apphed a thermodynamic 
equilibrium mode l to est imate the nature of the 
deposi t ion and condensat ion products in regenerators 
and recuperators of glass furnaces. This mode l is 
based upon the assumption that the flue gas com­
posit ion equals the thermodynamic equilibrium com­
posit ion at every temperature. In this investigation, 
the thermodynamic equilibrium mode l was used for 
the theoretical calculation of the nature of deposits on 
the heat transfer surfaces of a secondary heat 
exchanger. More detailed information of the ther­
modynamic equilibrium calculations is given in 
[3 to 6 ] . 

2.2. Prediction of deposit ion rates of flue gas 
condensates 

F o u h n g of heat exchanging surfaces, which are 
relatively cold compared to the flue gases , is caused 
by either: 

a) mass transfer of gaseous components from flue 
gases t o Channel surfaces and condensat ion of these 
Compounds at the surfaces or 

b) mass transport of dust particles from the flue gases 
towards the heat-exchanging surfaces. 

In recuperators and regenerators the mechanism 
a) of mass transport is the main cause of fouhng [6]. 
T h e mechanism b) is responsible for the fouhng of 
secondary heat exchangers. 

A t temperatures b e l o w 1000 Κ the flue gases 
generahy contain Condensed material mainly as 
submicron dust particles or droplets . D e p o s i t i o n of 
dust particles in the submicron ränge can take p lace 
by the fol lowing separately or s imul taneous ly pro­
ceed ing processes (neglect ing electrostat ic forces) 
[7]: 
1. gravitational settl ing; 
2 . depos i t ion by inertia of the dust particles; 
3 . interceptional depos i t ion (only important for very 
rough surfaces); 
4. depos i t ion by Brownian diffusion; 
5. depos i t ion by thermophoret ic forces ( t h e r m o p h o -
resis for smah particles) . 

In the practical Situation of glass furnaces s o d i u m 
sulphate dust particles in the flue gases h a v e an 
average diameter of 0 .10 to 0.15 μm [1] . T h e flue gas 
ve loc i ty is about 2 to 10 m/s and the local t emperature 
difference b e t w e e n flue gas and heat exchanger is 100 
to 300 K. B e c a u s e the sod ium sulphate dust particles 
are smah (smaU particle mass ) , the depos i t i on 
processes 1. and 2 . are negl igible . Fur thermore , the 
depos i t ion surface is usually rather s m o o t h . This 
m e a n s that only depos i t ion by B r o w n i a n diffusion 
and depos i t ion by thermophoret ic forces have to b e 
cons idered . 

T h e differential equat ion describing the stat ion­
ary concentrat ion field of dust particles , assuming a 
m o n o d i s p e r s e size distribution in the boundary layer 
of an object submerged by a flue gas f low, is g iven for 
the two-d imens iona l case by R o s n e r [8]: 

dx 
Q u ^ - ^ Q i V - V r ) - : : ^ = Q D , ^ + k,,,QW,, (1) 

II III IV V 

w h e r e I = convect ion term χ direct ion; II = c o n v e c ­
t ion t e r m } ' direction; III = p s e u d o - c o n v e c t i o n t erm3 ; 
direct ion caused by thermophores i s ; I V = diffusion 
term; V = pseudo-react ion source term caused by 
thermophores i s . 

H e r e Vj is the pseudo-suct ion ve loc i ty normal t o 
the w a h def ined by: 

1 3 ρ Di 3\nT 
VT = — -^^^Diarj- 3y 

(2) 

and k^ff is the pseudo-first order react ion rate 
coeff ic ient 

, 1 3 / 3\nT\ 
(3) 

T h e terms and k^ff account for the diffusion caused 
by temperature gradients ( i . e . thermophores i s ) in the 
boundary layer and can be s e e n as a kind of 



t h e r m a l b o u n d a r y l a y e r 

f l u e g a s 

- S t a g n a t i o n p o i n t 

Figure 1. Schematic of boundary layer configuration and related 
nomenclature. oh) thickness of thermal boundary layer, δ^: 
thickness of Brownian boundary layer, x, y: coordinates, w: 
Position at the deposition surface, e: position at the thermal 
boundary layer, W: mass fraction of particles. Subscripts: w = at 
the surface (wah), e = outer edge of the boundary layer (main 
stream), / = referring to particles of size class i. 

velocit ies the value for ^ reaches the value of e 
and no deposi t ion takes place. 

O n the other hand, for increasing flue gas 
velocit ies the mass transfer coefficient wiU increase, 
thus there is probably an optimal flue gas velocity 
where deposi t ion of dust reaches a maximum. 

T h e main effect of thermophoresis on the species 
transport is the influence on the particle concentra­
t ion profile and thus on dWi/dy at the surface: 
( 3 W / / 3 y ) w . 

T h e Stanton number (ratio of total mass transfer 
to convect ive mass transfer) in equation (5) takes into 
account the mass transfer by Brownian diffusion and 
the effect of thermophoresis on mass transfer. The 
calculation of the deposit ion rates of dust particles is 
based o n a correlation given by G ö k ö g l u et al. 
[9]: 

(6) 

convec t ion term and a kind of first order reaction rate 
coeff ic ient , respectively. 

T h e direction perpendicular to the deposit ion 
surfaces is indicated hyy, the direct ion parahel to this 
surface (in o n e direction) is g iven by the χ coordinate , 
as i l lustrated by figure 1. 

T h e total mass flux to the wall by Brownian 
diffusion (first term in equat ion (4 ) ) and thermo­
phores i s ( second term in equat ion ( 4 ) ) , for particles 
of s ize class /, can be written (Wi^^ < 1): 

/dWi\ 

dy 
/d\nT\ 

(4) 

w h e r e w indicates the pos i t ion at the deposit ion 
surface. 

A s s u m i n g that, for modera te flue gas velocit ies , 
the dust particles in immedia te vicinity of the surface 
stick to the w a h , ^ = 0 and the mass flux to the 
w a h is g iven by the express ion g iven in [8]: 

/dWi\ 

Here SIQ is the Stanton number which includes only 
mass transfer by convect ion and Brownian diffusion. 
This Stanton number is defined as: 

Sh 
ReSc' (7) 

The Sherwood number is a function of the number of 
Reyno lds and Schmidt: Sh =f{Re, Sc). This function 
depends on the given flow conditions and the obstacle 
geometry . T h e calculation of Sh has been thoroughly 
rev iewed in the heat and mass transfer literature [10 
and 11] . 

T h e function ( - Βγ/{1 - exp 8^)) is a correction 
term taking into account the influence of thermo­
phoresis on mass transfer which takes place within the 
Brownian diffusion boundary layer. Βγ is a dimen­
sionless Peclet- l ike number (ratio of convect ive to 
diffusional mass transfer) based on the thermopho­
retic pseudo-suct ion velocity, i .e . 

BT^iVröJ/Di (8) 

which for laminar boundary layers, according to [9] , 
can be expressed as a function of flue gas tempera­
ture, surface temperature, thermal diffusivity and 
Lewis number: 

For high flue gas ve loc i t ies , the dust particles in the 
i m m e d i a t e vicinity of the depos i t ion surface, may not 
comple t e ly b e adsorbed at this surface, and the 
sticking efficiency is lower than 100 %, then equation 
(5) is n o longer valid. This m e a n s that ^ > 0 and 
the driving force for dust particle deposit ion 
^i, e ~ ^i, w is relatively low c o m p a r e d to the case of 
a 100 % sticking efficiency. For very h igh flue gas 

(9) 

The function exp ( - Da) is a correction term taking 
into account thermophoresis on mass transfer within 
the thermal boundary layer outside the smaUer 
Brownian diffusion boundary layer. Da is a d imen­
sionless D a m k ö h l e r number (ratio of pseudo-chemi-
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Figure 2. Brownian diffusion coefficient as function of temperature 
for different diameters of dust particles. 

Table 1. Dependence of parameters Q , C2 and C3 on θ (see 
equation (11)) 

θ Cl C2 C3 

0° 0.958 0.54 0.36 
30° 0.982 0.52 0.35 
60° 0.887 0.49 0.36 
90° 0.969 0.37 0.33 

120° 1.055 0.18 0.27 
150° 0.619 0.23 0.15 
180° 0.216 0.58 0.05 

573 
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Figure 3. Thermal diffusion factor as function of temperature 
for Na2S04 dust particles with different diameters. 
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Figure 4. Fouhng of a circular heat exchanger tube. θ is the angular 
distance from the upstream Stagnation point. 

cal reaction rate to heat diffusivity), based on the 
thermophoret ic pseudo-first order reaction rate coef­
ficient, of the form: 

(10) 

T h e NA2S04 particle transport properties hke the 
Brownian diffusion coefficient and the thermal 
diffusion factor have b e e n calculated by methods 
given in [7 and 8 ] , respectively. These values are 
presented in figures 2 and 3 for three different 
diameters of NA2S04 particles as a function of the 
temperature. 

The correlation b e t w e e n the local Sherwood 
number and the numbers of Reyno lds and Schmidt, 
in case of cross-flow configuration, is for a cylinder of 
the form: 

She = C, Re^^Sc^\ (11) 

where θ is the angle from the upstream Stagnation 
point (figure 4) . T h e parameters Q , C2 and C3 
depending on θ have b e e n derived from Sucker [12] 
and are given in table 1. 

3 , EXPERIMENTAL PROCEDURE 

3 . 1 . Equipment and experimental condit ions 

Flue gases of a s o d a - h m e glass furnace have b e e n 
s imulated o n laboratory scale to invest igate the 
foul ing of a secondary heat exchanger . T h e equip­
m e n t is i l lustrated in figure 5. A n a lumina cylinder 
wi th an inner diameter of 5.5 cm is fitted to an 
a ir-cooled burner. T h e burner is fed with propane 
and air, containing an aspirated s o d i u m sulphate 
Solution. T h e flue gas from the burner is conducted 
a long a nickel ganze to achieve a m o r e h o m o g e n e o u s 
distribution of the flue gas . After coo l ing the flue gas 
to approximately 900 K, it is m i x e d with a smah 
a m o u n t of air which contains an aspirated sulphuric 
acid Solu t ion . T h e so obta ined S03-r ich flue gas is 
conduc ted into a laboratory scale meta l heat ex­
changer . This procedure has b e e n apphed to study 
the effect of S O 3 o n fouhng and corros ion by sul-
phate-rich condensates . 

In this heat exchanger the flue gas s treams in 
cross-f low direction along the cylindrical a ir-cooled 
heat exchanger tubes . T h e calculated f lue gas c o m ­
pos i t ion and the relevant process parameters of the 
exper iments are hsted in tables 2 and 3 , respect ively . 
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Figure 5. Schematic of laboratory equipment for studying fouhng 
and corrosion of a secondary heat exchanger by simulated flue 
gases. 

Table 2. Flue gas composition calculated for Standard gas 
conditions (1.013 bar, 273 K) 

COMPONENT CONCENTRATION CONCENTRATION 
IN VOL% IN MG / M̂  

O2 6.3 -N2 +AR 72.9 -H2O 13.0 -CO2 7.8 -
SO3 - 449 
NA2S04 — 331 

Table 3. Process parameters for the experiments 

heat exchanger inlet temperature of flue gas: 750 Κ 

flue gas temperature after the passage of 
the first heat exchanger tube: 650 Κ 

heat exchanger inlet velocity of flue gas 
at 750 K: 0.36 m/s 

mass fraction of Na2S04 dust particles: 3 · lO"'̂  

outer diameter of heat exchanger tubes: 18· 10-3 m 
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473 513 

- Temperature in Κ • 
553 593 633 673 

Ί — Τ — \ \ N P 

NQHSO^ -NaHSO^ ΝΑ3Η(80^2 Na^SO^ NA2S0̂  NA2S0̂  

Figure 6. Theoretically and experimentally derived nature of 
deposition products depending on tube surface temperatures. 
I = results according to thermodynamic calculations; II = analysis 
of experimental results at different temperatures. 

3.2. Measurement of deposit ion rates on surfaces of 
heat-exchanging tubes 

Small p lat inum sheets have b e e n appl ied to deter­
m i n e the depos i t ion rate as a function of the location 
o n the circular heat exchanger tubes . T h e s e platinum 
sheet s w e r e fas tened to the tube by m e a n s of metal 
wires . T h e pos i t ion of a plat inum sheet o n the tube is 
characterized by the angular distance, Θ, b e t w e e n the 
plate and the upstream STAGNATION point of the tube, 
as i l lustrated in figure 4. T h e amount of deposit ion 
product , after a 24 to 28 h lasting exper iment , on a 
p lat inum sheet is measured by we igh ing . Thermo­
e o u p l e s , w e l d e d to the plat inum shee t s , are used to 
measure the depos i t ion temperature ( i . e . the local 
surface temperature of a heat exchanger tube) . 

T h e nature of the depos i t ion products , which 
w e r e scraped off the plat inum sheets after an 
exper iment , have b e e n determined by m e a n s of X-ray 
diffraction and the concentrat ion of iron and sodium 

IN THE DEPOSITION OR CORROSION PRODUCTS WERE DETER­
MINED BY ATOMIC ABSORPTION SPECTROSCOPY 
( A A S ) . 

4 . RESULTS AND DISCUSSION 

4 . 1 , Comparison of thermodynamic equilibrium 
calculations with experimental results 

THE DEPOSITION PRODUCTS PREDICTED BY THE THERMODY­
NAMIC EQUIHBRIUM MODEL AND THE EXPERIMENTAL 
DEPOSITION PRODUCTS ARE PRESENTED IN FIGURE 6 AS A 
FUNCTION OF THE TUBE SURFACE TEMPERATURE. THE 
EXPERIMENTALLY DETERMINED DEPOSITION PRODUCT AT A 
TUBE SURFACE TEMPERATURE OF 564 K , Na3H(S04)2, IS 
NOT INCLUDED IN THE THERMODYNAMIC MODEL, BECAUSE 
THE THERMODYNAMIC VALUES (GIBBS FREE ENTHALPY) OF 
Na3H(S04)2 ARE NOT KNOWN FROM LITERATURE. NA2S207 
IS POSSIBLY AN UNSTABLE PRODUCT RELATIVE TO 
NA3H(S04)2 FOR THE EXPERIMENTAL SITUATIONS. ABOVE 
570 Κ ONLY SODIUM SULPHATE IS STABLE AT THESE FLUE GAS 
CONDITIONS. BELOW 560 TO 570 Κ OTHER MORE AGGRESSIVE 
SODIUM SULPHATES ARE FORMED LIKE N A H S 0 4 , 
Na3H(S04)2 OR NA2S207. 

4.2. Comparison of the deposition model calcula­
tions with experimentally determined deposition 
rates 

THE FOHOWING ASSUMPTIONS HAVE BEEN MADE FOR THE 
CALCULATION OF THE DEPOSITION RATE BY MEANS OF THE 
PROPOSED DEPOSITION MODEL: 

A) AH THE NA2S04 DUST PARTICLES HAVE A DIAMETER OF 
0.12 ΜM. THIS ASSUMPTION IS BASED ON MEASUREMENTS, 
WHICH WERE DONE AT INDUSTRIAL SODA-LIME GLASS FUR­
NACES BY STOCKHAM [1] . 



b) A t all tube surface temperatures investigated the 
dust is assumed to deposit first in the form of NA2S04. 
Hereafter , NA2S04 can react with components of the 
flue gas to form the deposit ion products according to 
the thermodynamic equilibrium calculations. Forma­
tion of the deposit ion product NA3H(S04)2 is also 
taken into account. 

The experimental and theoretical deposit ion 
rates, as a function of the angular distance from the 
upstream Stagnation point of the tube , are presented 
in figure 7. A s shown in this figure, the largest 
theoretical and experimental deposi t ion rates are 
determined at the upstream Stagnation point and the 
smahest rates at the downstream Stagnation point of 
the cylindrical tube. According to figure 7 the 
deposi t ion m o d e l calculations agree w e h with the 
experimental results. 

The experimental and theoretical deposi t ion rates 
at the upstream Stagnation point of the tube de­
pending on the measured tube surface temperature 
are given in figure 8. From this figure the qualitative 
agreement b e t w e e n the predicted and experimental 
deposi t ion rates is shown. 

Bes ides , there is a g o o d quantitative similarity 
b e t w e e n the theoretical and experimental results, 
with the except ion of the temperature ränge be tween 
520 and 550 K. Α possible explanation for this 
discrepancy is a change of the particle size in this 
temperature ränge. Calculations by means of the 
m o d e l show that both smaller and larger dust particle 
sizes lead to higher deposit ion rates. For 
d = 0Λ2 μm, the deposit ion s e e m e d to be minimum, 
this is illustrated in figure 9. Agg lomerat ion of sticky 
sodium bisulphate condensate particles in this ränge 
of experiments may be responsible for larger sizes of 
the diffusing dust particles and therefore higher 
deposi t ion rates as expected from the calculations. 

5 . CORROSION OF HEAT EXCLIANGER MATERIALS 

T h e corrosion of iron plates , caused by the deposits , 
has also b e e n investigated with the equipment shown 
in figure 5. The simulated flue gas compos i t ion is the 
same as given in table 2. The chemical composi t ion of 
the layer formed on the iron plates was determined by 
means of X-ray diffraction and A A S . T h e layer 
produced at the surface of the iron plates contained 
mainly NA2S04 and the corrosion product 
Na3Fe(S04)3. This corrosion product was found at 
tube surface temperatures b e t w e e n 470 and 
670 K. 

T h e highest iron content in the layer was 
determined at the lower tube surface temperatures: 
N a H S 0 4 (deposit ion product formed b e l o w 540 K) 
causes more corrosion than NA2S04 (deposit ion 
product formed above 570 K ) . A t tube surface 
temperatures be low 540 K, the corrosion reaction 
b e t w e e n N a H S 0 4 , iron and flue gas components is 
expec ted to be: 
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Figure 7. Experimental and theoretical deposition rates as function 
of the angular distance from the upstream Stagnation point of the 
heat exchanger tube. The tube surface temperatures at the 
upstream and the downstream Stagnation point are 582 and 550 K, 
respectively. 
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NaHSO^ '̂ °2^2Q7~H^ NA3H(SOJ2 NA2S0̂  

value 

473 503 533 563 593 623 
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Figure 8. Experimentally and theoretically derived deposition rates 
at the upstream Stagnation point of a cyhndrical tube as function of 
surface temperature. 
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Figure 9. Theoretical deposition rate as function of tube surface 
temperature for Na2S04 dust particles with different diam­
eters. 



3 N a H S 0 4 + IV2 S O 3 + F e + % O2 N a 3 F e ( S 0 4 ) 3 + IV2 H2SO4 . (12) 

M o r e detai led information o n the corrosion of heat 
exchanger materials by alkah sulphates at higher tube 
surface temperatures , is g iven in the literature 
[13 to 16] . 

The size of the dust particles appears to be an 
important parameter in the mode l calculations. 
Accurate measurements of particle-size distributions, 
depending on flue gas temperature, will approve the 
apphcability of the deposit ion mode l . 

6. CONCLUSION 

T h e thermodynamic equil ibrium m o d e l is suitable to 
predict the nature of the depos i t ion products on heat 
transfer surfaces of secondary heat exchangers . The 
exper imenta l depos i t ion products de termined in the 
s tudy are: N a H S 0 4 , N a 3 H ( S 0 4 ) 2 , and NA2S04 for 
SOß-rich flue gases f o m soda-hme glass furnaces. 
T h e s e depos i t ion products cause severe corrosion of 
iron-containing materials . T h e corrosion product is 
main ly N a 3 F e ( S 0 4 ) 3 . N a H S 0 4 , which is formed at 
t u b e surface temperatures b e l o w 535 K, appears to be 
m o r e corrosive than NA2S04. 

T h e degree of fouling of heat exchanger tubes 
d e p e n d s strongly u p o n the locat ion and temperature 
of the tube surface. T h e largest depos i t ion rates on a 
cylindrical tube are found at the upstream Stagnation 
po int of the tube . A t tube surface temperatures of 
approximate ly 520 to 550 Κ m a x i m u m fouhng of the 
tubes occurs. There is a g o o d agreement b e t w e e n the 
exper imenta l results and the calculated deposit ion 
rates with the depos i t ion m o d e l . D e p o s i t i o n rates 
h a v e b e e n determined for flue gases f lowing through 
horizontal cyhndrical tubes of a boiler beh ind regen­
erators of a soda- l ime glass furnace with tube 
temperatures of approximately 400 Κ. T h e s e rates 
are about 50 m g / (m^ min) and are comparable with 
the rates which have b e e n derived by the authors 
under different c ircumstances . Appl icat ion of 
was te -heat boi lers has b e e n demonstrated by 
Richards [17] . O n grounds of the a b o v e considera­
t ions it can b e conc luded that the depos i t ion model is 
a valuable too l to predict the inf luence of the 
heat -exchanging surface temperature , the flue gas 
c o m p o s i t i o n , the flue gas temperature , the flue gas 
ve loc i ty and the geometry of the heat exchanger tubes 
o n the fouling tendency of secondary heat exchang­
ers . For flue gas veloci t ies higher than considered in 
the present case , equat ion (5) may not b e valid and 
the depos i t ion of dust particles cannot b e directly 
predic ted by the g iven m o d e l . Probably there wih be 
an Optimum value of the flue gas velocity with 
m a x i m u m depos i t ion rates. A t a certain flue gas 
ve loc i ty the va lue of the dust concentrat ion at 
i m m e d i a t e vicinity of the surface, is then no longer 
zero . T h e driving force for dust depos i t ion then 
decreases and al though the mass transfer coefficient 
increases with flue gas ve loci ty , the diminishing 
driving force m a y lead to decreasing depos i t ion rates 
for e v e n higher ve loc i t ies . 

The authors gratefuhy acknowledge J. W. Visser and E. J. 
Sonneveld for their extensive X-ray diffraction analysis work. 

7. Nomenclature 

7.1. Symbols 

α thermal diffusivity of gas in m^ / s 
Β τ thermophoretic suction parameter; defined by equations 

(6 and 8) 
CP heat capacity of flue gas in J / (kg K) 
D Brownian (Eick) diffusion coefficient for particles in m^/s 
Da Damköhler number based on k^f^ (see equations (6 and 10)) 
k mass transfer coefficient in m/s 
Ä:eff thermophoretic pseudo-first order reaction rate coefficient in 

1/s (see equations (1 and 10)) 
L characteristic length in m 
Le Lewis number (ratio of particle Brownian diffusivity to 

carrier gas heat diffusivity) Le = D ρ c^lλ 
Re Reynolds number 
Sc Schmidt number 
Sh Sherwood number for mass transfer Sh = {k • L)/ D 
St Stanton number for mass transfer 
Τ absolute temperature in Κ 
u flue gas velocity component parahel to the wah in m/s 
V flue gas velocity component normal to the wah in m/s 
Ve main stream flue gas velocity in m/s 
VT thermophoretic pseudo-suction velocity normal to the wall in 

m/s (see equations (1 and 8)) 
X stream wise distance along surface in m (see figure 1) 
Y distance normal to the surface in m (figure 1) 
W mass fraction of particles in flue gas 
α = Α/ρ CP: thermal heat diffusivity of flue gas in m^/s 
α7 thermal diffusion factor of particle 
(5 boundary layer thickness in m 
λ thermal conductivity of flue glas in J / (s m K) 
ρ density of flue gas in kg/m 

7.2. Subscripts 

e outer edge of the boundary layer (mainstream) 
h outer edge of thermal boundary layer 
/ referring to size fraction i 
m outer edge of Brownian diffusion boundary layer 
w at the surface (wall) 
ο conditions without thermophoresis 
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