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Abstract

Coal power stations as well as waste incinerators produce humid acid gases which condensate in
industrial chimneys. These condensates may cause corrosion of the internal cladding made of
stainless steels, nickel base alloys or non metallic materials. In the aim of polluting emission
reduction and material optimal choice, it is necessary to determine all the phenomena which
occur throughout the chimney such as condensation and dissolution of acid gases (in this
particular case, sulphur dioxide SO5).

The production of energy from fossil fuels (coal, petroleum, natural gas, etc.) brings about the
emission of gas containing sulphur compounds (SO2, SOs) as well as chlorine and fluorine
compounds. To avoid this atmospheric pollution and its harmful effects (acid rains, impact on
the health) due to hydrochloric, sulphuric and hydrofluoric acids produced in the presence of
air, it is necessary to steam these flue gases. Nevertheless, a considerable quantity of residual
acid gases remains in the gas discharge which also contains large amounts of water vapour.
Thus, condensation may occur and by the way an acid attack of the internal cladding of the
chimney. This results in high costs of maintenance and a reduction of their structural stability.
The knowledge of the phenomena of heat and mass transfer during the condensation of these
acid gases in chimney is essential for their conception and materials choice.
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1. Modelling

In this modelling part of our work, we determine at first heat transfers in and around the
chimney taking into account the condensation phenomenon. Then, we bring in the dissolution
of one acid gas (SO;) in the condensed phase. Modelling was performed in steady state
conditions. The elements of this modelling are represented in Figure 1.

We adopt a simplified description for the temperature distribution, that is to say, Ty, gas
temperature in on the chimney axis, Twi temperature on the internal wall and Tyw. on the external
wall while Tex is the outside temperature. R is the chimney radius, L its total height and e the
thickness of the wall.

We consider condensation of water vapour along the wall in the shape of a film. We call v the
average drainage velocity of the water film, dits thickness and Tq the surface temperature of this
flowing film. T4 corresponds to the condensation temperature of the water vapour at local
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conditions of the chimney. This hypothesis was already applied by Nusselt in the first models
(Nusselt, 1916).
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Figure 1. Chimney with and without condensation

To establish the equations describing the overall phenomena, mass and heat balance are written

on a slice of chimney of thickness dz. All the obtained equations are listed below:
dWwater _ _2Wcond _ —2H (rwi _Text) + hint (rg _Td)

dz R R
dTg _hint (Tg _Td )

dZ B R(praterwwater + CpairWair)

5(2) = \/ 3R fhumer Wher (2) ~Woer (0))

Mass balance of water vapour (1)

Heat balance (2)

Global mass balance of water (3)

2
2pwaterg
Puier 96

V= e Flow of the liquid film of condensate water (Beschkov et al., 1978) (4)

3:uwater
Ty =( ! )Ta+(H + 0 )T Continuity of heat flow (5)

i — U swx g I — inuity W
wi 14 O*H d HS + Kwater ext
K

water

Water, Wair and Weong are respectively the mass flow rate of water, air and condensation, Cpair
and Cpuwater, the calorific capacities of air and water, pwater the fluid dynamic viscosity (water),
Kwater 1S the water thermal conductivity and H the coefficient of global heat transfer defined by
the following relation:

1 1 e
— = ——+— with k the wall heat conductivity. To solve these equations it is necessary to know

H hext

the heat transfer coefficients hine and hex respectively inside and outside the chimney. To
determine hex, Wwe use a usual correlation for perpendicular flow (wind) to the axis of the
chimney (Zukauskas and ZingZda, 1986)

NU = 0.023Re’ pr s = e (D +2€)
K

Here comes the following expression for hex::
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4/ 2 % %
o _OOZBMRGA Pr@ 0,025 X Ten) (Vwind *(D+2e)j [V(Text)J
ext — Y — Y.

(D +2e) (D +2e) V(Toy) a(Ty)

Vwing IS wind velocity outside the chimney.

For a tubular turbulent flow inside the chimney with a Reynolds number quite high (Re > 104)
the following correlation is reliable (Mac Adams, 1942):

4 B
Nu = 0.023 Reé pr% - hltD
We choose the following expression for hint:

o wm V5 1
h,, 0023 0s) pe's Pr%=o.023k(rg)( e J [V(TQ)J
P D {7*D *V(Tg) a(Tg)

With k(T) heat conductivity of gases inside the chimney, «T) kinematic viscosity and a(T)
thermal diffusivity.

The reaction of absorption of sulphur dioxide gas into water is as follows:

H,SO
H.0 + SO, = H,S03 K(T)= [;—3]

S0,

We can thus obtain the sulphurous acid concentration (H,SO3) as a function of the partial
pressure of the sulphur dioxide (SO,) and the solubility constant K (T). This constant is deduced
from the literature data (Hackspill et al., 1964) and its expression is K(Teq) = 7.18 exp-(
0.0341*Teq ). We can also replace the sulphurous acid concentration to obtain the pH as a
function of temperature and sulphur dioxide partial pressure:

K. ++/K2 +4K_Ca —Ka1+\/Ka21+4Kal*7.18exp(—0.0341Teq)Pso
pH =—|Og al al al __Iog 2

2 2

All these equations are now coded in a program using Matlab and solutions of the corresponding
differential equations are obtained thanks to the internal solvers of the program.

2. Examples of model application

We are now going to apply the models previously obtained on two real cases of chimney: waste
incinerators on one hand and coal power station on the other hand.

2.1 Coal power station

First, let us remind the chimney parameters as well as the operating conditions of this station:
Wiir = 2606310 m3/h or 2634247 kg/h, Wyater = 144290 kg/h (i.e. 5.48%), D = 6.8 m (or 3.8m),
gas temperature incoming at the lowest part of the chimney (z = 0) is Tgs = 89 °C (or 109°C
maximal), Vgas = 34 m.s™. We admit that external temperature is T.q= 25°C and wind velocity
10 m.s. In this case our model predicts condensation of water at 9500 meters height, which is
far from the real height of the chimney (L=225m)!
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Figure 2. variation of gas temperature of the wall before (a) and after (b) condensation and thickness of
the liquid film (c) and its pH (d) versus the height in the chimney

To obtain a condensation which occurs inside the chimney it is necessary to have different
external conditions and also a water flow rate a little higher. These conditions are for instance
water flow rate corresponding to 10 % of overall flow rate, wind velocity outside the chimney
equal to 22m.s™ and outside temperature of 0°C. The results obtained in this case are shown
below. The first two graphs are the temperatures of the gas and the internal wall before (a) and
after (b) condensation as a function of the height in the chimney. Two other graphs are the
thickness of the flowing film (c) and the pH (d) (considering only the dissolution of sulphur
dioxide) as a function of the height in the chimney.

The flowing film of condensate water is forming at approximately 100 meters. We can notice
that the temperature of the gas at the top of the chimney does not drop much with regard to the
initial temperature. Furthermore, we notice that the thickness of the flowing film is some
millimeters thick and that the pH is rather low (pH ~3) and does not vary a lot.

2.2 Waste incinerators

First, here are the parameters of the chimney as well as the operating conditions of this
incinerator: Wyir = 173400 m3/h; Wyater = 31212 m3/h (18% of total flow, can rise up to 25%); L =
100m ;D =2.2m; Tgas = 67°C (or 100°C maximal)

For an outside temperature of 25°C and a wind of velocity 10m.s*, we obtain the following
results. Figure 3(a) represents the evolution of gas temperatures (the most important
parameter) and wall temperature versus height in the chimney (in meters). Figure 3(b) shows
the thickness of the water film (in meters) versus the height (in meters), Figure 3(c) the pH
versus the height in the chimney.
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Figure 3. Variation of gas and wall temperature (a) liquid film thickness (b) and its pH (c) versus the
height in the chimney

In this example, we observe a liquid film flowing on the whole the height of the chimney. We
observe again moderate variations of the different temperatures. The flowing film is a few
millimetres thick and the calculated pH (again about 3) is almost constant. Condensation does
not take place on all the height of the chimney for lower wind speed outside (because then the
external transfer coefficient becomes sharply lower). For example an outside wind of 2m.s*
leads to condensation after 60 m.

These results derived from our modelling are quite interesting because they prove that corrosion
may be found only from a certain height and not on the entire chimney. Indeed, the film does
not flow sometimes on the totality of the chimney. Only a part of the chimney requires then a
steel cladding resisting to the corrosion, for the rest of a less noble and cheaper material should
be sufficient.

3. Experiments

The purpose of these experiments is not to perform a pilot plan of a chimney but rather to
understand different phenomena which take place during the condensation. This should allow
us to confirm or not the hypotheses taken in the model.

3.1 Experimental set-up
We tried to build a set-up which could allow us to observe water condensation in a long tube for
various experimental conditions. Its schematic representation is shown in Figure 4.
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Figure 4. Experimental set-up

A three neck flask of water with fixed temperature with air flow bubbling, allows us to ensure
relative humidity corresponding to the industrial conditions. The wet gas produced is preheated
in a tube surrounded with heating cords and then pumped into another three neck flask also
surrounded with heating cords. A long glass tube acts like the industrial chimney by allowing the
condensation of water but also a qualitative and quantitative observation of condensation and
flowing film. At the top of the set-up, the gas is passed to a cooling tube so that the rest of water
vapour condensates. A thermometer is placed in this part to measure the gas temperature which
goes out of the column. We indicated in Figure 4 three points of measure (Tp1, Tp2 and Tpz) of the
wall temperature. After flowing along the tube, water is pumped up by a peristaltic pump and
collected in a beaker. Non condensed vapour is collected too at the top of the column. From the
ratio of these two samples of water, we obtain the percentage of condensed water (noted %E.R).

3.2 Influence of gas humidity

We vary now the temperature of the flask in order to have a variation of water content (or
moisture content) in the gas from 10 to 20 % at gas flow of 300 NL.h™. Initial input gas
temperature is 65°C up to 90°C. Figure 5 shows the variation of the temperature of the outgoing
gas, the wall temperature at the bottom of the tube Tpl and of the ratio %E.R. versus the
temperature of the entering gas.

Tgas inlet = 65°C Tgas inlet = 75°C Tgas inlet = 90°C .
%E.R. T/°C %ER. T/°C “/%E.R. ‘ ‘ T leoc
55 55 55 T T 55 ! !
{ [==wer] —— % .ER]
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Figure 5. Influence of gas humidity

In each example, the wall temperature increases when the moisture content increases. It is
qualitatively consistent with Equation (5) which gives the wall temperature as a function of film
temperature Ty and external temperature Tex::
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1 o
Tui = (W)Td +(H+ m)Text

water

Temperature Ty is thus increasing as a function of temperature T4 which corresponds (in this
example) to the temperature of the flask which generates the water vapour. When this
temperature increases it has the effect of increasing the internal wall temperature and thus the
external wall as well as Wyater. This is a consequence of the increasing variation of temperature
Tp1 according to Waater.

We also note a constant increase of Ty with Wyaeer. If we come back to formula (2) which
describes the evolution of Ty:

dTg _ _hint (Tg _Td)
dZ R (C pwmerwwater + CpairWair )

We also notice that an increase in T4 (or equivalently Wyater) causes the decrease of the absolute
value of the derivative function of Ty versus z. As a consequence, the outgoing gas temperature
of the chimney increases.

We also observe an increase of %E.R versus increasing Wuwater €xcepted for the lowest gas
temperature. Equation (1) gives the expression of Weond:

W _ Qext — Qinet _ H (Twi _Text) - hint (Tg _Td)
o AH AH

When T4 increases, gint decreases and Weong increases what is observed indeed in Figure 5.

cond cond

There is however a problem to explain the results obtained for gas temperature of 65°C. In these
conditions, we note that % .E.R is constant and thus Wyaer has no influence on the
condensation. At the moment we have no clear explanation of the phenomenon.

3.3 Influence of SO,

The sulphur dioxide is not introduced at first. Experiment begins as previously in order to have
condensation of water on the tube walls. Then sulphur dioxide is introduced (200 ppm of SO,
dilute in air) as shown in Figure 4. Experiments involving SO are 90 min long.

Condensed water which is recovered at the top and the bottom of the column can be then
characterized. lonic chromatography in a DIONEX apparatus is used as main analysis
technique.

An example of chromatogram of both solutions collected at the top and at the bottom of column
is presented in Figure 6.
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Figure 6. Water condensate collected chromatograms
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The presence of chlorides on chromatograms is simply due to pollution of beakers. It should not
be taken into account. We can determine the concentration in sulphate ion thanks to
standardization performed with solutions of known concentrations. For example, three different
experiments results are shown in the following table.

Table 1. Concentrations top and bottom

n° parameters m water [SO4%] pH [SO4%] pH
exp () chroma
to

1 300 NL.h-1; Tgas = 75 top 10.2 15.6g.L1 355 135¢g.L?
°C, bottom 14.8 13.0g.Lt 355 13.5g¢g.L?
200 ppm SOz 10 %
water

2 300 NL.h-1; Tgas = 75 top 12.0 145g.L1 352 145¢g.L!
°C, bottom  18.6 10.2g.L1 373 89g.L?
200 ppm SOz 10 %
water

3 300 NL.h-1; Tges = 105 top 14.0 56g.L1 4 48g.L?!
°C, bottom 9.8 109gLt 373 89g.L!
200 ppm SOz 10 %
water

Experiments 1 and 2 are intended to test the reproducibility of our experiments. This
reproducibility is quite good, given that we do not control the quantity of condensed water in the
flowing film on the walls before the introduction of SO,. Indeed, we note the same quantity of
water at the top and at the bottom of the column with similar pH and concentration in sulphate
ions.

If we compare now experiments 2 and 3, only the temperature of the entering gas is modified.
We recover less water at the bottom of the chimney thus we have less condensation as we
observed in the first experiences. Furthermore, the concentrations in sulphate at the bottom of
the column for both experiments are the same, even if we obtain in a case twice more water. This
is due to the fact that the absorption of SO, depends on the temperature of the water condensed
on the walls. This temperature is fixed by the temperature of the lower three neck flask which
does not change in both experiments.

4. Conclusion

The model we developed reveals a fair consistency with the experimental observations. These
observations, however, give us interesting tracks to refine the model. In the absence of a pilot,
the laboratory column allowed us to validate the influence of the parameters such as input gas
temperature, gas flow rate as well as percentage of water in gas. However as well in the reality as
in the model, the most important parameters are in fact internal and external heat coefficients
transfers which govern the main thermal processes. External heat coefficient is above all
determined by the weather conditions thus it is hardly controllable and can be considered as
imposed. As for the internal heat coefficient, it is very sensitive regarding internal gas velocity,
and correlations which allow its calculation have a questionable reliability. An experimental
identification on installation or on pilot plan should be imperative. Concerning pH of the
flowing film of condensate water, last experiments shows that the dissolution of the SO, is
rather fast and the flowing film acidity is quite high even in presence of a small amount of SO,. A
dynamic modelling could be envisaged but should be more complex because, for instance, it
should involve friction coefficient (kinematic or dynamic) of the wall and also the wetting angle
between wall and condensate. It also should take into account nucleation and breakage of the
liquid film as well as all transfer kinetics which are often poorly understood processes. In spite
of its simplicity, present study offers nevertheless an interest to predict qualitatively and
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quantitatively the main phenomena (condensation) and the essential characteristics (zone of
condensation, pH) of the industrial installations.
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