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Abstract
even for conditions where the bulk foulant concentration is well below the saturation concentration. Due

Nucleate boiling heat transfer coefficients may be strongly reduced by scale formation,

to the mechanism of micro-layer evaporation, the local concentration at the heat transfer surface can be
considerably increased, causing the formation of scale and changes in bubble frequency and bubble
departure diameter. The interaction between scale formation and bubble formation is studied with a
precision pool boiling test apparatus in conjunction with a microprocessor-controlled camera and video
equipment. The effects of EDTA which 1s commonly used as an antifouling agent in industrial boilers,
on saturated pool boiling in the presence of foulants are discussed.
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INTRODUCTION desired process conditions. Eventually, operations must

Intensive studies, both experimental and theoretical, have
been performed over the past decades on nucleate boiling
heat transfer which have been reviewed recently by
Nishikawa and Fujita [1]. Sharply rising fuel costs in
refineries, chemical and petrochemical plants requires
increasing emphasis on energy conservation programs
and demands a deeper knowledge of the phenomena
related to boiling heat transfer than ever before. One
phenomenon which is still not understood is the fouling of
the boilers. Fouling deposits pose a barrier to heat transfer

which means additional energy is required to maintain
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be curtailed to remove these deposits, which results in high
heat exchanger cleaning and downtime costs.

A review of the existing literature on the mechanisms
of boiler scale formation reveals that there have been few
serious attempts to understand the effects of boiling mecha-
nisms on the formation of scale. Experimental results are
scarce and incomplete and have been summarized by
Palen [2] and Palethorpe [3].

Steam generation rates per square meter of heat trans-
fer surface are far greater for today’s units than they were
10 to 20 years ago. This implies that the wall superheat has

been greatly increased in modern boilers, which in turn,
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requires improved treatment programs. This trend has led
to the common use of solubilizing treatments cmploying
chelates. Many chelating agents are available commer-
cially, but the one which has found widespread application
tor boiler deposit control is disodium salt of
cthylenediaminetetraacetic acid known as EDTA. The
elfect of this compound on the boiling heat transfer coef-

ficient in the presence of {‘ouling is still unknown. It 1s

boiling mechanism before the proper selection of an
antifoulant can be made.

The main objective of this work is to study systemati-
cally the mechanism of fouling in pool boiling in the
absence and presence of antifoulant EDTA by measuring
overall heat transier coefficient, bubble size, bubble fre-
quency and nucleation site distribution during the fouling

period.

EXPERIMENTAL EQUIPMENT AND
PROCEDURE

The pool boiling apparatus shown in Figure 1 was used for
the present investigation. It consists of a thick-walled
cylindrical stainless-steel tank containing approximately
30 litres of test liquor and of a vertical condenser to
condense and recycle the evaporated liquid. The testheater
is mounted horizontally within the tank and can be ob-
served and photographed through observation glasses.
The temperature in the tank is regulated by an electronic
temperature controlier and a variac in conjunction with
two band heaters convering the complete cylindrical out-
side surface. Boiling occurs at the smooth outside of an
clectrically-heated cylindrical stainless-steel heater with
10.7 mm diameter. Four thermocouples are cmbedded in
the wall close o the heat transfer surface. The liquid bulk
temperature was measured with a platinum resistance
thermometer. Test equipment, data acquisition, data re-
duction and experimental procedure are described in more

detai) elsewhere [4].

Initially, the test heater and tank were cleaned, the
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Figure 1. Schematic diagram ot pool hotling appiatis

observation windows closed, and the system was con-
nected to the vacuum pump. Once the pressure of the
system reached-approximately 0.1 bar, the salt solution
(prepared 24 hours earlier) was introduced. Following
this, the tank heater and condenser preheater were switched
on and the temperature of the system was allowed to rise
to the saturation temperature. Meanwhile, the system was
de-aerated several times and then left at saturation tem-
perature and atmospheric pressure for about five hours o
obtain a homogeneous condition throughout the system.
Then, the power was supplied to the test heater and kept at
a predetermined value. The data acquisition system. mi-
croprocessor-controlled camera and video equipment were
simultaneously switched on to record temperatures, pres-
sure, heat flux, bubble departure diameter and bubble
frequency.

Immediately, after the run, the solution was drained
and the test heater was allowed to cool and dry. It was
removed from the system and a sample from the deposition

was taken for electron scanning microscopy.

RESULTS AND DISCUSSIONS

Most models used to describe nucleate boiling are based on
the hypothesis that nucleate boiling is a local phenomenon
and that the bubble behaviour near the heating surface

has a dominant effect on heat transfer. One such model
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recently presented by Jamialahmadi er af. (5] 1s:

o= andi (@, -0)+ o (1)
wherce
o, = 2 vlLPLCF ff-+l_)_L_A£V_f_d_[’. (2)
Y 6AT

According to Frite [6] the bubble diameter is given by:

d,= 0.01460 [__QL} " (3)
g (pL-pv)
Equations 1 to 3 illustrate the importance of bubble diam-
cter, bubble frequency and density of nucication sites on
the nucleate boiling heat transfer coefficient. Therefore. it
is necessary o understand the effect of fouling deposit (in
the absence or presence of EDTA) on these parameters
betore a physically sound prediction moded for the depo-

sition process can be developed.
Calcium Sulphate Deposition in the Absence of EDTA

Heat transfer coefficient

The experiments were carried out in arbitrary scquence,
Some runs were repeated to check the reproducibility off
the experiments, which proved to be very good. as demon-
strated in Figure 2. Figure 3 shows heat transter coetli-
cients as a function of time for a heat flux of 38522 W/m?.
The general shape of the curve s characterized by a sharp
decrease o aminimum (region 1), followed by an increase
1o a maximum (region 2) and a subsequent gradual de-
crease lowards an asymplotic value (region 3). However,
the extent of the variations in heat transter cocfficient with
tme is strongly aftected by the vadue of the heat flux and
the foulant coneentration.,

The following data were obtained basced on observa-
tions of the number of active nucleation sites, bubble
shape, bubble size and bubble detachment frequency which
were made from high speed photographs and several
recorded video movies,

Figure 4 shows how the acave nucleation siteschanged
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Figure 2. Heat transfer coefficient as a function of time for two
expertments with wdentical conditions
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Figure 3. Heat transfer coefficient as a function of time
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Figure 4. Nucleation site density as a function of tme
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with time for the above fouling run. Generally, the number
of active nucleation sites increases with increasing heat
flux. However., there ts also a strong effect of operating
time on bubble site density. The number of active nucle-
ation sites rises towards a2 maximum value after which it
falls back to a value close to that held at the beginning of
the experiment. When comparing these results with the
results shown in Figure 3, consistent trends are found. In
region 1 only a few nucleation sites were present on the
surface of the heating element. The bubbles were hemi-
spherical with an average departure diameter between |
cm and 2 cm and a frequency of about 7 bubbles per
second. In region 2, the number of active nucleation sites
increased sharply with time, probably due to the formation
of additional sites by the deposit. The number of these sites
gradually decreased throughout region 3. In region 2 and
3 only spherical bubbles with departure diameter of about
2 mm were observed. The bubble frequency in these two
regions was very high, which made it difticult to distin-

guish consecutive bubbles.

Effect of deposition on boiling mechanism

As the supersaturation due to the temperature gradient near
the heat transfer surface is considerably lower than the
supersaturation due 1o evaporation of the microlayer be-
tween bubble and heat transter surface, the growth rate of
deposit in the vicinity of the nucleation sites cxceeds that
in areas where only natural convection heat transfer oc-
curs. The deposit under the bubbles has a fairly high
density and adherence. It restricts the formation of further
bubbles, thus causing the sharp drop in heat transfer as
observed for region 1. Atter a certain length of time, the
sfow-growing, porous deposit at the heat transfer surface
previously unaffected by bubbles starts to provide addi-
tional active nucleation sites, thus increasing the heat
transfer coefficient in region 2. Over the following period
of time, the combined bubbling/deposition process gradu-
ally increases the density of the deposit, de-activating the

farger nucleation sites and closing'steam chimneys’,
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which have been described by MacBeth [ 7]. Furthermore,
the thickness of the deposit increases. This combined
process cause the reduction of heat transfer coefficient in

region 3,

Effect of CaS(), concentration

The effect of CaSO, concentration on the formation of
deposits is shown in Figure S. Both the saturated 1.6 g/1
solution and the subsaturated 1.2 g/1 solution form depos-
its. It would seem as if the fouling curves for these two
concentrations are approaching a common asymptotic
heat transfer coefficient. It is important to note that the 1.2
g/1 solution is not saturated with respect 1o CaSO . 1/2H, O,
even for the wall temperatures at this heat flux. The
supersaturation necessary forcrystal nucleation and growth
must, therefore, be created locally by the bubble growth
mechanisms. Hardly any reduction in heat transfer was
observed for the 0.8 g/1 solution. Two possible conclu-

sions may be drawn from this observation:

I} The concentration effect in the microlayer is less than
the reported value of 4-5 orders of magnitude {%).

2) Any deposits re-dissolve rapidly into the bulk liquid
because of the high level of turbulence created by the

departure of the bubbles from the heat transfer surface.
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Figure 5. Effect of CaSO, cancentration on the transtent reduc
tion of heat transier coefficient
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Nature of deposit

The solubility curve in Figure 6 indicates that the calcium
sulphate crystals formed on the heating element should
consist of pure anhydride. The appearance of the deposit
formed for different heat tfluxes varied, as seen from the
photographs showr in Figure 7. A short, needle-like struc-
ture is characteristic of the deposit formed at low heat flux.
With increasing heat flux. the crystals become shorter,
harder and more adherent. The thickness and density of the
deposit could be measured after cach run. The thermal
conductivily was found for a given deposit by reducing the
heat flux well into the natural convection region and
comparing the heat transter coeflicients with those mea-

sured previously for pure water:

The average density and thermal conductivity of the
observed fouling layers is 2040 kg/m’* and 1.39 W/m.K
respectively, These values agree well with the values
reporied by Krause {10], even though they were obtained

under forced convective conditions.

EFFECT OF EDTA CONCENTRATION ON
SCALING RATES
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Figure 6. Solubility curve for CaSO, in water [9]
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chemical plants as an eflective method tor controlling
fouling ina variety ol process equipment such ws reboilers.
When fuel was cheap. antifoulants were used mainly for
cases ol severe fouling where maintenance costand capac-
ity credits provided the major cconomic incentives. How-
ever, escalating tuel costs and added emphasis onreducing
process energy requirements have expanded the range of
economic applications 1o include more moderate fouling
sireams. Here antifoulants which are injected into the
fouling stream have provided a tast solution requiring only
low capital invesiment.

Figure 8 shows heat transfer coefficients as a tunction
of time for heat flux of 301204 W/m? and difterent EDTA

8.1

Figure 7. Deposits observed for two ditferent heat fluxes (28892
W/m? and 38522 W/m?)
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Figure 8. Heat transfer coefficient as a function of time for
various EDTA concentrations

concentrations. It illustrates when EDTA is added to the
CaSO, solution, the amount of scale formed on the surface
of heating element decreased considerably.

During fouling experiments in the absence of EDTA,
bubbles leave behind a ring of deposit when detaching
from the nucleation site. Subsequent bubbles build up a
disk-shaped deposit from this original ring. This deposit
zrows and merges with other nucleation sites until the
surface is completely covered by deposit. When EDTA is
added to the CaSO, solution, the amount of scale formed
on the surface of the heating element decreased consider-
ably. Under no circumstances was the surface fully cov-
ered by the scale. Only for the highest heat flux, a small
number of very tiny and hard spots of deposit were ob-
served on the heating surface which could subsequently be
removed by acid wash.

The usefulness of EDTA as a antifoulant chelate is due
to the presence of four or six atoms which are available for
co-ordination to metal cations like Ca*?. For the sake of
simplicity the disodium saltof EDT A is generally assigned
the formula Na,H, Y [11] and its reaction with Ca*>may be

wrilten as:
Ca*’ + H,Y? — CaY* + 2H* 5

Therefore, when the EDTA is added to the CaSO, solution,

it sequesters the Ca*?ions. Consequently the driving force
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for CaSO, scale is reduced. As Equation 5 shows, a
decreasing pH will reduce the concentration of the
complexing species, hence EDTA best forms complexes
with Ca*? in abasic solution. In the present investiga-
tion, the EDTA concentration was varied from 0.1 g/
1 to 1g/1, which corresponds to 0.034 to 0.34 mol EDTA
per mol CaSO,. If about 1/3 of the Ca™ ionsare sequestered
by the addition of 1 g/1 EDTA, the remaining CaSO,
concentration is 0.8 g/1. The observation that this concen-
tration did not produce any notable deposition corresponds

well with the results shown in Figure 8.
CONCLUSIONS

The fouling process observed during nucleate boiling ot
CaSO, solutions can be divided into three distinet time
regions during which different phenomena dominate boil-
ing and deposition. These phenomena can be explained by
considering the effect of dissolved and deposited CaSO,.
Two different types of deposit have been observed de-
pending on the mechanisms of heat transfer. The major
contribution towards the deposition occurs due 1o the
evaporation at the base of growing bubbles. Therefore, the
deposition rates increase with an increasing number of
nucleation sites.

The scale formation during nucleate boiling of CaSO,
solutions decreased strongly with increasing EDTA addi-

tion. Hardly any deposit was observed at high EDTA

concentration.
NOMENCLATURE
c, specific heat capacity, J/kg.K
d, bubble diameter, m
f bubble frequency, s
g acceleration due to gravity, m/s?
n nucleation site density, m*
R, fouling resistance, m*K/W
S, deposit thickness, m
o heat transfer coefficient, W/m?.K
B contact angle, degree
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Ah_ latent heat of evaporation, J/kg

AT temperature difference, K
A thermal conductivity, W/m.K
P density, kg/m*
¢} surface tension, N/m?
Subscript
b boiling
c natural convection
d deposit
L liquid
Vv vapour
w water
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