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Abstract

The present study introduces a new experimental method to visualize the fouling process of CaCQOj3. A mini-channel
heat exchanger system with a microscopic imaging technique was developed for real-time visualization of the fouling
process. The present study discussed how scale started initially, how scale formed thick layers, and how a small crystal
grew into a large one, touching the adjacent one. Detail microscopic images of scale crystals and corresponding fouling
resistances were obtained over the entire fouling process. The microscopic observation indicated that the fouling
process could be divided into three stages: an induction period, a period of uniform generation of nuclei, and a period of
uniform growth of scale. Sudden appearance of numerous small nuclei indicated the end of the induction period, a key
event before the rapid increase in the fouling resistance. The present experimental method using microscopic images of
the wet fouling process provides a valuable insight on the fouling mechanism. © 2001 Elsevier Science Ltd. All rights

reserved.

1. Introduction

Scale is formed when hard water is heated (or cooled)
in heat-transfer equipment such as heat exchangers,
condensers, evaporators, cooling towers, boilers, and
pipe walls. The type of scale differs depending on the
mineral content of the available water. Scale often ob-
served in industry includes calcium carbonate, calcium
sulfate, barium sulfate, silica, iron scales, and others.
One of the most common forms of scale is calcium
carbonate (CaCOs), which occurs naturally as an in-
gredient of chalk, limestone, and marble. Acidic water
passing over and permeating through the ground dis-
solves limestone into calcium and bicarbonate ions,
thereby making hard water. When the hard water is
heated inside heat-transfer equipment, the calcium and
bicarbonate ions precipitate due to the changes in sol-
ubility, forming hard scale on the heat-transfer surfaces,
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and clogging pipes and manifolds. When scale deposits
in a heat exchanger surface, it is traditionally called
fouling [1-3].

Fouling on a heat-transfer surface reduces the per-
formance of a heat exchanger. The effects of temperature
and flow velocity on fouling resistance have been ex-
tensively studied, from which the fouling mechanisms
were speculated or modeled [3-5,8-11]. To understand
the behavior of the fouling, researchers [1-8] measured
the fouling resistance as a function of time. The analytic
[1,3-6] and semi-analytic [2] models were developed
based on these experimental studies to estimate fouling
resistance in the heat exchanger. These models did not
always give good agreement with experimental results.

Hasson et al. [4] presented a fouling model to predict
the fouling rate in a heat exchanger considering CaCOs
deposition only. Since their analytical model did not
consider the removal mechanism, the model is appli-
cable to low velocity flows where the removal process is
negligibly small. Mattias-Bohnet [5] developed a fouling
model by employing a mean crystal size in the fouling
layer since the crystal size could not be determined
during a fouling process. Their physical model for
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Nomenclature

A Heat-transfer surface area (m?)

Dy Hydraulic diameter (m)

h Convective heat-transfer coefficient (W/m? K)
le Entrance length (m)

Nu Nusselt number

Pr Prandtl number

0 Heat-transfer rate (W)

Re Reynolds number
Ry Fouling resistance (m?> K/W)

T Time

T; Bulk temperature (°C)

Ty Surface temperature (°C)

Usni Initial overall heat-transfer coefficient
(W/m? K)

Uroueda  Fouled overall heat-transfer coefficient
(W/m? K)

crystallization fouling started with a thin fouling layer
from the beginning of a fouling process, thus not con-
sidering the induction period often observed in many
fouling processes.

Yiantsios et al. [9] pointed out the need to further
improve such a fouling model by considering the effect
of various crystalline phases on the deposit. The crystals
were characterized by different cohesiveness and
strength properties, and consequently by different re-
sistances to detachment. Yiantsios et al. [9] concluded
that the fouling resistance strongly depended on the
characteristics of the deposit layer. Therefore, it would
be useful to visualize the time-dependent morphology
and properties of the deposit layer in terms of operating
conditions and water qualities.

Accordingly, the present study attempted to docu-
ment the crystallization fouling process of CaCO; on a
wet surface of a heat exchanger through microscopic
observation by photographically recording the entire
fouling process including the inception of nucleation,

water supply tanks

electrical
heating tank

/ microscope

crystal growth, scale-layer formation, and scale removal.
By visually documenting the entire fouling process using
a microscope, one could better understand how scale
starts initially, how scale forms thick layers, and how a
small-scale crystal grows into a large one, touching the
adjacent one. Such information can be useful in con-
sidering how fouling can be mitigated and prevented.

2. Experimental method

In order to obtain real-time visualization as the
fouling progressed, a fouling-test facility with a mini-
channel heat exchanger and a microscopic imaging sys-
tem was developed. Fig. 1 shows a schematic diagram of
a once-through fouling-test loop, which consisted of two
cooling-water tanks, a hot-water supply system, a
microscopic imaging system, and a main fouling-test
section. The hot-water supply system consisted of a 24
kW electric heater and a steam separator. Tap water was
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Fig. 1. Schematic diagram of the present experimental system.
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electrically heated to 94°C and entered the hot-water
channel of the main test section. The steam separator
was used to eliminate steam bubbles from the hot water
produced in the electric heater because bubbles were
found to attach on the heat-transfer surface of the hot-
water channel and significantly affect the outcome of the
fouling experiment. The flow rate of the hot water was
maintained at 2.6 x 107> m?/s.

The microscopic imaging system consisted of a
microscope, an external illuminator, a Sony charged
couple device (CCD)-IRIS camera, a 35-mm Nikon
camera, a video recorder, and a monitor. The images of
CaCOj;-scale crystals on the cooling-water side were
observed using the microscope and continuously re-
corded in videotape using the CCD camera. The objec-
tive lens of 40x was used for observation. Still pictures
were taken with the 35-mm camera.

Fig. 2 shows cross-sectional views of the test channel
including the microscopic view window position, which
consisted of a copper plate as the heat-transfer surface, a
cooling-water channel (i.e., the upper part of the flow
channel), and a hot-water channel (i.e., the lower part of
the flow channel). Cooling water moved in opposite di-
rections to hot water, thus forming a counter-flow heat
exchanger.

Because of the inverse-solubility characteristics of
calcium carbonate salt, CaCOj scale was deposited on the
cooling-water side of the copper plate. A new copper plate
was used for each test. For the cooling-water channel, the
two sidewalls were made of polypropylene plates whereas
the top wall was made of a transparent acrylic plate due to
its excellent clarity and thermal insulation. The hot-water
channel was machined out of a Teflon block. The
dimension of the cooling-water channel was 1.6 mm
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Section view (B-B)

maximum
# materials properties allowable
temp. (°C)
1 | metal
2 acﬁ%i excellent optical clarity 82
3 | polypropylene excellent thermal insulation 108
4 | copper heat transfer surface o
5 | teflon excellent thermal insulation i 262
6 | observation window
7 | flow channel for cooling (hard) water
8 | flow channel for hot water

Fig. 2. Cut-away view of a mini-channel heat exchanger.
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x6.4 mm x 254 mm (heightx width x length), whereas
the dimension of the hot-water channel was
3.7 mm X 6.4 mm x 254 mm (heightx width X length).

The cross-sectional view of the test section is shown
in Fig. 2, where the counter flow was clearly indicated by
two arrows indicating cooling and hot water flows. The
location of the viewing port was 13 cm from the inlet of
the cooling channel, where the flow was fully developed.
The entrance length in the present heat-transfer test
section was about 5 cm from the inlet of the cooling
channel, which was calculated using the following
equation [12]
le 1/6
D 44Re". (1)
The cooling water was artificially hardened with CaCl,
and NaHCO; prepared in two separate tanks. One tank
contained 0.0075 M calcium chloride (CaCl,) solution,
and the other contained 0.015 M sodium bicarbonate
(NaHCOs) solution. The solution from each tank was
pumped individually and mixed through a static mixer
before entering the main fouling-test section. The mixed
solution was equivalent to hard water of 750 ppm as
CaCOj;. Durations of fouling tests were between 6 and
11 h, which varied depending on flow velocity.

Two different velocities of cooling water (i.e., 1.2 and
2.5 m/s) were used in the present study, and the corre-
sponding Reynolds numbers were 5060 and 9600, re-
spectively, based on the hydraulic diameter of the flow
channel. The inlet temperature of the cooling water
varied from 30°C to 55°C, so that one could examine the
effect of the cooling-water temperature on the fouling
process. The inlet and outlet temperatures of the hot
water were maintained at 94°C and 90°C, respectively,
throughout the entire experiment. T-type thermocouples
were used to measure the inlet and outlet temperatures
of both cooling water and hot water. Flow rates of both
cooling water and hot water were measured by rotam-
eters (Omega Engineering), which were calibrated using
a precision weighing balance. Temperature probes were
not used on the heating surface because they could have
disturbed the flow in the narrow flow channel. The
convective heat-transfer correlation in a one-side heated
rectangular pipe [13] was given by the following equa-
tions

Nu = 0.79Re"* P2, 2)
0=hA(T,— Ty). (3)

The average surface temperature of the copper plate for
all runs was estimated to be 66 + 2°C using Egs. (2) and
(3). Fouling resistance was estimated by the following
equation [14]

1 1

= )
Ufou]ed l]ini

R¢ 4)

where Uy, and Usyyeq are the overall heat-transfer coef-
ficients at the initial time and at # > 0, respectively. The
overall heat-transfer coefficient, U, was calculated using
the log-mean-temperature-difference (LMTD) method,
based on four temperatures at both inlet and outlet of
cold and hot flow channels.

To estimate the uncertainty in experimental results, a
method presented by Kline and McClintock [15] was
used, which is based on the uncertainty in various pri-
mary experimental measurements such as flow rate and
temperature. The basic uncertainties of a surface area, a
temperature, and the flow rate of cold water were found
to be £0.8%, £0.35%, and +0.3%, respectively. The
uncertainties for the overall heat-transfer coefficient and
fouling resistance were estimated to be 2.3% and 10%,
respectively.

3. Results

Fig. 3 presents a series of photographs showing the
entire fouling process for the severe-fouling case of an
inlet-cooling-water temperature of 55°C and a velocity of
1.2 m/s. The alphabetical letters (A-H) indicate various
states that are also marked in Fig. 9 for cross-reference.
The results shown in Fig. 3 reveal that from the begin-
ning, i.e., 7 = 0 and 30 min, there were already numerous
small crystals whose sizes were about 90 pm. As fouling
progressed, these small crystals rapidly grew up to 160
um, covering the entire heat-transfer surface at 7 = 2 h.

Fig. 4 presents another series of photographs show-
ing the fouling process for the case of an inlet tem-
perature of 38°C and a velocity of 1.2 m/s. The only
difference from the case shown in Fig. 3 was a reduced
inlet temperature of the cooling water. As shown in Fig.
4, the crystal-growth patterns in the first 2 h were very
different from those shown in Fig. 3. At the beginning of
the fouling process (i.e., 7 =0 and 30 min), the heat-
transfer surface remained relatively scale free.

Fig. 5 shows the distribution of crystals whose sizes
are equal to or greater than 60 pum. The number of
crystals for the case of 55°C was 142 at 7 = 30 min,
whereas the number of crystals for the case of 38°C was
60 at the same time. We speculate that these crystals
formed in the beginning were created mainly due to the
imperfect surface conditions of the new copper plate. A
clean heat-transfer surface, perfectly smooth to naked
eyes, often has cavities, scratches, or impurities like
foreign particles when viewed via a microscope. In
particular, foreign particles are likely to settle down in
the cavity and become the initial nucleation sites for
crystallization fouling. However, once a small number of
CaCOs; crystals were formed, these crystals began to
grow rapidly, leaving the adjacent scale-free heat-trans-
fer surface clean for a while. Fig. 4 shows that the clean
scale-free surface between the crystals remained clean
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Fig. 3. Time-history microphotographs at inlet bulk temperature of 55°C and velocity of 1.2 m/s (Run 27). Magnification = 40x.

during the induction period of 1 h. The crystals present
at T = 30 min grew sufficiently large such that they be-
gan to touch each other, covering the entire heat-
transfer surface by 7 = 3 h (see Fig. 4).

Fig. 6 presents another series of photographs show-
ing crystal-growth patterns for the case of an inlet-

cooling-water temperature of 38°C and a velocity of 2.5
m/s. In comparison with the results given in Figs. 4 and
6, the increased flow velocity clearly suppressed the
generation of CaCO; crystal during first 3 h. For ex-
ample, for the case of the increased flow velocity of 2.5
m/s, there were only six relatively large sized crystals in



602 W.T. Kim et al. | International Journal of Heat and Mass Transfer 45 (2002) 597-607

1 mm

Fig. 4. Time-history microphotographs at inlet bulk temperature of 38°C and velocity of 1.2 m/s (Run 29). Magnification = 40x.

the range of 130-300 um at 7 =3.5 h (see Fig. 6),
whereas for the case with 1.2 m/s there were numerous
CaCOs crystals at T = 3 h (see Fig. 4).

For the case of 2.5 m/s, new small crystals began
appearing between large CaCOj; crystals at 7=3.5 h
(see Fig. 6), and they were numerous and became clearly

visible at 7 = 4 h. This moment — when many tiny new
crystals suddenly appear between large crystals — is de-
fined as the end of the induction period and the begin-
ning of the next stage, a subject that will be further
discussed later in relation to the fouling curve in Fig. 9.
Once numerous small crystals began to be formed at
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Fig. 5. Population of crystals at 30 min. (a) Run 27: 55°C and 1.2 m/s (number of crystals = 142 at 30 min); (b) Run 29: 38°C and 1.2

m/s (number of crystals = 60 at 30 min).

T =3.5 h, these crystals began to rapidly grow and
eventually covered the entire heat-transfer surface within
1 h at T =4.5 h as shown in Fig. 6.

Fig. 7 presents another series of photographs showing
the fouling process for the case of an inlet-cooling-water
temperature of 30°C and a velocity of 2.5 m/s. At this
reduced cooling-water temperature and increased veloc-
ity, CaCOs crystals were hardly created even in the ar-
tificially harsh condition of 750 ppm as CaCO;. Due to
the high shear stress corresponding to the velocity of 2.5
m/s, the heat-transfer surface kept almost clean for the
first 89 h. At T = 8 h, there was a very big crystal of 680
pum, which had grown from a small nucleation site. Once
a nucleation took place in a high shear environment, the
seed nucleation grew into a very big crystal compared to
the crystals for higher temperature and/or lower velocity.

Fig. 7 clearly reveals that as calcium ions precipitated
due to a sudden drop in the solubility inside the test
section, they were attracted by the calcium carbonate
surface, thus feeding almost exclusively the CaCOs;
crystal while leaving the scale-free heat-transfer surface
clean for a while. Crystals identified as #2-#5 at 7 = 11
h had grown from small seed crystals seen at 7 =9 h.
The observation that the existing crystals continued to
grow rather than the creation of new seed crystals has
been reported in the literature [16-18]. For example,
precipitating calcium ions prefer the calcium carbonate
surface to the metal-heat-transfer surface due to the
lower Gibbs free energy of the crystal lattice [16] and/or
higher mass transfer toward the surface of crystals [17].
Furthermore, the surface of crystal itself becomes nu-
cleation sites [18].

Fig. 8 shows the growing rates of the six crystals
identified at the bottom of Fig. 7. It is interesting to note
that all six crystals grew at almost the same rate. The
previous study [19] revealed that crystals formed earlier
grew faster than the ones formed later since the bigger
crystals attract precipitating calcium ions, thus sup-
pressing the growth rate of adjacent small crystals. In the
present study, as one small seed crystal grew to a large

one for the first 8 h, no other crystals could be formed
around it. Small crystals were finally formed after 7 = 8
h and began to grow at the same rate as the one large
crystal formed much earlier. We speculate that when the
big crystal grows to a certain size, it does not attract
precipitating calcium ions as much as it did before, thus
allowing other small seed crystals to be formed and to
grow. In this situation, the growth rates of the big one
formed early and small ones formed much later become
almost identical. In all photographs given Figs. 3, 4, 6
and 7 as well as the images recorded in videotapes,
crystals had rounded shapes, indicating mostly calcite
crystals, not needle-shaped aragonite crystals.

Fig. 9 shows the fouling resistance vs. time curves for
four different test conditions. The alphabetical letters
(A-H, I-P, a—e, and f—j) are marked in Fig. 9 to assist in
comparing the fouling resistance curves with photo-
graphs in Figs. 3, 4, 6 and 7. For the most severe-fouling
condition, Run 27, the fouling resistance began
increasing from the beginning without an induction
period. The rate of fouling (i.e., slope) somewhat de-
creased between points B and D due to an initial scale
buildup and increased again from point D almost lin-
early with time.

For Run 29, the fouling resistance remained almost
zero for the first 1 h (see points I, J, and K) and began
rising from point K continuously. The slope for Run 29
was much smaller than that for Run 27, indicating that the
low cooling-water temperature reduced the fouling rate.
For Run 31, the fouling resistance was practically zero for
the first 3.5 h (see points a and b). Beyond 7" = 3.5 h, the
fouling resistance increased almost linearly with time. For
Run 33, the fouling resistance was almost zero for the first
4 h and began increasing very slowly beyond that.

4. Discussion

The present study examined the relationship between
the fouling resistance and characteristics of scale
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Fig. 6. Time-history microphotographs at inlet bulk tempera-
ture of 38°C and velocity of 2.5 m/s (Run 31).
Magnification = 40x.

formation during the induction period and a period of
subsequent scale growth. Chuanfang [20] described the
induction period as the duration when growing crystals
interlinked, forming an extremely thin layer on the heat-
transfer surface. Budair et al. [21] defined the induction
period as the onset time of scaling. Based on the present
observation, the induction period can be practically

@)
T=0:00
(b)
T =8:00
©
T=9:00
(d)

. T=10:00
©
T=11:00
T=11:00

® [,

Identification
of crystals

Fig. 7. Time-history microphotographs at inlet bulk tempera-
ture of 30°C and velocity of 2.5 m/s (Run 33).
Magnification = 40x.

defined as the period when crystals continue to grow but
the heat-transfer is not reduced. The present results
confirmed that the induction period was strongly af-
fected by the inlet-cooling-water temperature and flow
velocity. The induction periods for the four different
cases in the present study (i.e., Runs 27, 29, 31, and 33)
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Fig. 9. Fouling resistance curves over time for four different
runs.

were determined to be 0, 1, 3, and 3.5 h (see Figs. 3,4, 6
and 7), respectively.

After the induction period, small nuclei began to
uniformly appear in spaces between large crystals all
over the heat-transfer surface. Consequently, the fouling
resistance began to increase rapidly as depicted by the
results in Fig. 9. The uniform generation of small nuclei
turned out to be the key event before the rapid increase
in the fouling resistance, whereas large crystals gener-
ated during the induction period did not increase the
fouling resistance. For example, the small nuclei began
to appear on the heat-transfer surface at 7 = 0, 1, and 3
h for Runs 27, 29, and 31, respectively. These events
exactly matched with the moment when the fouling re-
sistance curves began to rise.

The present results depicted that the population of
the nuclei strongly depended on the experimental con-

ditions. For example, the case of an inlet temperature of
55°C and a velocity of 1.2 m/s in Fig. 3 shows sub-
stantially more nuclei at 7 = 0.5 h than the case of an
inlet temperature of 38°C and a velocity of 1.2 m/s (see
Fig. 4 at T = 1.5 h). As the population of the nuclei
increased, the scale on the heat-transfer surface became
crowded, and the crystals were generally small in size.
Similar behavior can be seen for an increased velocity of
2.5 m/s from Figs. 6 and 7, i.e., the case with a high
temperature cooling water generated more nuclei than
the case with a low temperature one.

Most previous fouling studies examined the scale
structure at the end of fouling tests so that they did not
have an opportunity to see how the final scale structure
was obtained. The present study attempted to produce
new knowledge on the precipitation fouling by revealing
the fouling history. For instance, for the case of a high
bulk temperature of cooling water, numerous nucleation
sites were formed on a heat-transfer surface in the be-
ginning stage of the fouling process. In contrast, for the
case of a low bulk temperature of cooling water, much
smaller numbers of nucleation sites were formed com-

(a) Run 29 (b) Run 31
: 1.2 m/s and 38°C :2.5m/s and 38°C
¥ % o
% oo ® ®
T=1hrs T=35hrs
R, = 0 m*K/W R, = 0 m*K/W

T=2hrs

R, =2.76x10° m*K/W R, = 3.99x10° m*K/W

2.0E-04

1.5E-04

1.0E-04

5.0E-05

Fouling Resistance (m2K/W)

0.0E+00 anaiiaw

12

Time (hrs)

Fig. 10. Photograph images vs. fouling resistance for the case
of different velocities in Runs 29 and 31.
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pared to the case of the higher bulk temperature.
However, when one compares the final scale structures
for both cases at the end of fouling tests, one could not
see this important distinction.

Although Figs. 3, 4, and 6 show different patterns of
crystal formation in terms of crystal size and population,
fouling resistances were almost identical (see a dashed
line in Fig. 9) at the very moment when the heat-transfer
surface was fully covered by scale (i.e., 7 =1,2,and 4 h
for Runs 27, 29, and 31, respectively).

The effect of the flow velocity on the fouling rate is
one of the confusing issues in fouling research. Gener-
ally, most field engineers assume that the increase in the
flow velocity should result in a reduced fouling rate.
When one compares the slopes in Fig. 9 (i.e., the rate of
fouling resistance) for Runs 29 and 31, the high flow
velocity case (Run 31) shows a steeper slope than that in
the lower velocity case of Run 29.

Fig. 10 shows a relationship between photographic
images of fouled surfaces and fouling resistances for two
different velocities in Runs 29 and 31. The induction
periods for the two cases were 1 and 3.5 h, respectively.
Clearly, the induction period is lengthened with in-
creasing flow velocity. The issue at hand is how the
fouling rate is affected by flow after the induction period.
The fouling resistances 1 h after the completion of the
induction period (i.e., T = 2 and 4.5 h) were 2.76 x 107>
and 3.99 x 107> m> K/W for the two cases (i.e., 1.2 and
2.5 m/s), respectively. At the same time, the scale-crystal
image at the 1.2-m/s case shows a partially clean surface,
whereas the 2.5-m/s case shows a fully covered surface
by crystals. Photographic images given in Fig. 10 clearly
suggest that once the induction period is completed, the
high flow velocity accelerates scale deposit, presumably
due to an enhanced mass-transfer rate of precipitating
calcium ions at the heat-transfer surface, resulting in a
rapid increase in the fouling resistance.

5. Conclusions

A new experimental method was developed to in-
vestigate the fouling process by examining the entire
history of scale formation using a microscopic obser-
vation. The fouling process was divided into three
stages: an induction period, a period of the uniform
generation of nuclei, and a period of rapid scale growth.
The duration of the induction period was strongly af-
fected by both the inlet temperature of the cooling water
and flow velocity. The small nuclei suddenly appeared
near the end of the induction period and grew rapidly
with time, thus beginning to increase the fouling re-
sistance. Although different test runs showed different
patterns of crystal formation such as crystal size and
population, almost the same fouling resistances were
obtained at the moment when the heat-transfer surface

was fully covered with CaCO; crystals. Once the heat-
transfer surface is fully covered by the scale layer, the
subsequent deposition takes place over the rough scaled
surface, and the fouling process is accelerated by flow.
The microscopic visualization method introduced in the
present study can be useful in the further development of
various scale-control technologies, both chemical treat-
ment and non-chemical treatment such as permanent
magnets and electronic-descaling technology.
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