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PARTICULATE FOULING DURING BOILING AND NON-BOILING HZAT TRANSFER
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Dept. of Chemical Engineering, University of British Columbia

Vancouver B.C., Canada V6T 1W5S
ABSTRACT

v

leat transfer fouling of 2 um alumina particles suspended in

I M

heptane was investigated experimentally with an internally heated
rod in an annulus and a cciled wire mounted in crossilow. Flow

kK temperature, heat flux, system pressure and
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particle concentration wsrs varied o

<

er a wide range. The
operating conditicns included both laminar and turbulen:t flow

p=)

with boiling and non-boiling hezt transfer.

With few exceptions, all runs were continued until an

N

asymptotic fouling resistance was resached. The value of thi
resistance increzsed with increasing particle conzentra-ion and

decrezasing bulk temperature. It showed maxima at cer=ain values

o+
o

of e flow rate for fixed values of the heat flux ‘and for
certain values of the heat flux for fixed values of the flow
rate. If the initial surface temperature was kept constant the
asymptotic fouling resistance decreased continéusly with
increasing flow rate. For many experiments, the fouling
resistance measured on the coiled wire probe seemed to be less

affected by changes in the ‘hvdrodynamic and thermal conditions

than that on the annular flow assembly.



1. INTRODUCTION

Although much useful fouling work has been done in the last
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dzposition of particlss originally suspended in the fluid on:zo

the heat exchange suriace. Thase carticlss mav consist of

i1l-known concept of Kern and S=zzon [4] that the growth of the

X
W

d=posit at the wall is the net result of a depecsition and a

removal process.
dm o[f=mc[~m,, (1)
In integrated form, eg.(1) may be written as

Respf {1- w0 Ctlte) (2)



The initial fouling rate, which according to this model is equal

to the gross dspesizion rats throughout the run, is then

d R( ' R; (3)

strzams and hava not in genaral b22n confirmed “or liguids [8].

The removal term was introduced as a function of the wall shsar
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stress and the dapesit thickness <o account
observed asymptotic behaviour of the fouling curves. Howavear,
several authors [9,10] reject the universality of particle
removal and clzim that othar mechanisms, such a2s crevice
corrosion and electrical double laver effiects, ars raesponsible in

cert as fouling
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inite lack of experimen:zal evidence

th

There is zlso a d=
concerning the possible effacts of heat flux, wall temperature,
heat transfer mode (boiling or non-boiling) and bulk temperature
on particulate fouling rates. Therefore extensive measurements
with alumina particles suspended in n-heptane were performed over

the range of parameters given in Table 1.



2. DESCRIPTION OF TEST EQUISMENT

Two previously studied fouling probes [11], namely, a heated
rod in an =annulus and a coilad wire in cross—-flow, wera used.
Some changes were made in the circuit to improve thermal

stability and to allow visual observation of ths heated sections.

the heating =lements are

rty

Some detalls on the construc:tion o
given in Table 2. The two test sections are mounted in parallzsl
to measure simultansously ths hsat transfer from'the cylindrical
rod and from the coiled wire (Fig. 1). The fluid is pumped from
the supply tank via orifics metars -o the probes. Due to ths high
fluid velocity, no particles depesizion took placze in the crifices

and the pressure drop over the flow meta ned constant
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during each run. Fluid samples could be taken at two locations.
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difference in concentration bezween the :wo locations was
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found to be negligib The particle concentration was evaluated

by passing a sampls o
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ion through 2 0.3 um micropore

The

1]

lectrically heated stainless steel coil, or 'hot wire
probe', was mounted normal to the flow in a rectangular duct. The
heat flux supplied by the wire was calculated from the measured
current and voltage. The wire temperature could be detasrminad by
the change of electrical resistance with wire temperature. To
obtain reproducible values of thes wire temperature the coil was
heated several days in a vacuum oven before using. Despite this
conditioning procedure, considerable scatter of the measured

temperatures could not be avoided at low heat fluxes (g < 5000



W, m?), as the accuracy limit of ¢
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Th2 bulk temperature around the hot wire probe was detasrmined by

two thermocouples located 19 mm upstream and downstream,

respectively, from the coil.

The probe for the annular flow assambly was supplied by Hesat
Transfer Resszarch Inc. [12]. It consistad of a s:tainless sce=l
sheathed resistance hesater with four thermocourlies located cleose
to the heating surface. The bulk tsmparature wzs measurad with
thermocouples locazed in mixing chambers befors and aZz=sr tha
annulus,.

3. DATA REDUCTION
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The experimental ressulzs are given in tarms of fouling
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us time curves. The fouling resistance Rf was

calculated from

RF - lw - /w,o (lf-)

whare 'I‘w 0 and Tw are the wall temperatures at times £=0 and t=t,
14

respectively. This equation implies that the heat transfer

h

coefficients and the heat transfer area remain constant
throughout the fouling run. As some of the effacts caused by
changes in the thermal and hydrodynamic conditions due to the
growing fouling deposit cancel each other and as it is not

possible to evaluate these secondary effects with great accuracy,

the above simplifications were accepted.
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The experimental evaluation of the wall temperature and the

e annular probe and the hot wire is
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a fouling run. However, since

of the present experiments were found to be rather hich, the

value of Tw g ¥as calculated instead using rscommended
4

correlations [13] for convective sensible heat transfar and

th

subcooled boiling heat transfer.

Aluminum oxide particles {(Microiux-RZ, A. Meller Company)

suspended in heptane were chossn because this combination cifers

1. The system is chemically inert, i.e., there are no additional

mecnanisms affscting the Iouling, such as corrosion or other
cnemical reacztions.

2. A direct comparison with mesasurements for polymerization
fouling [11] of heptane-styrene mixtures is possible,
3. The Al,0,; particles show no tendency to form large

agglomerates and are readily available at a reasonable price.

[

4. Aluminum oxide has a comparatively low thermal conductivity
and therefors yields a clear increase in the wall temperature

even for thin fouling layers.

The size distribution of the particles in the suspension was

evaluated several times throughout the experiments. The analyses



were pecformed usi e 1n conjunction with a
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er (Leitz image zanalyzer). Fig. 2 shows a
typical size distribution of suspended particles. Generally, an
arithmetic mean diameter betweszn 1.5 um and 2.5 um was found.

Thus, the avsrage diameter of the particles was taken to be 2 um.
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fouling star:zed without an induccion period, which is in
accordance with other particulate fouling investigations
[3,5,14]. Asymptotic behaviour was found for alimos: every run.
The duration of the runs varied from several hours to severszl
dayvs. The maximum asymptotic fouling resistance measured was
about 5.8 m*K/kW. From photographs taken during the experiments
this resistance was attributed to a fouling layer of
approximately 2 mm thickness on the annular probe. Figure 4 shows
the annular probe covered with a thick deposit. The arrow marks
the beginning of the heated section, where a change in depcosit
thickness and consistency may be observed. Gensrally, the fouling
layer was considerably thinner than in Figure 4 and showed a very
smooth surface. For the coiled wire, no photographs could be

ons.

forp

ondit

0O

taken during the experiments due to deficient light «
From the depcsit thickness and the corresponding fouling

resistance the thermal conductivity of the layer was calculated
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to be 0.35 W/mK. As the thermal conductivity of heptane is 0.14
W/mK and of Al.0,; 3.414 W/mK, this value suggests that the
deposit consists of 2 loosely packed layer of particle
agglomerates. Attempts to mezsures the layer thickness with a

mest careful reduction of the

g
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micrometer failed, a ven =

n
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ligquid level in the annulus resulted in a removal of considerable

amounts of the deposit.

Although the time dependance of the fouling resistance
agrzad fairly well with the shape pradicted by eg. (2), it was
usually not pessible to obtain an accurate curve-fit of both the

high initial fouling rate and the asymptotic fouling resistance
with one set of parameters. The same curve-fitting difficulty was
found by Newson et al. [14] for magnetite deposition from watar

mined by curve-fitting the
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suspensions. Thereforse,
complste fouling run to eq. (2), while for the evaluation of the
initial fouling rates only the data of the first thirty minutes

were used.

5.2 Comparison of Annular Probe and Hot Wire Probe

In general, both probes qualitatively showed the same
influence of the parameters m, g, Tb and C on the fouling
process. However, the coiled wire was often found to be less
affected by changes in the thermal and hydrodynamic conditions
than the annular probe. While the fouling resistance versus time

plots mostly had a smooth shape for the measurements in the

annulus, 'saw tooth' behaviour was rather common for the
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mezsurements with the coiled wire (Fig. 3). Apparently par:zs of

the depcsit broke off as soon as a certain thickness was reached.

o be the

(o)

A fouling resistance of 2.4 m?K/kW was found
limiting value for the coil, wherszs fouling r2sistances up to
5.8 m*K/kW were measured for the annular probe. It may be

rezsonad that the thin wire can give l2ss support to the depcsit

Dezcause of its vastly different dimensions and configuration.

g
process. As 1s evident from Figures 3a and 3b, more extensive and
rapid fouling occurs on both probes as the concentration is

increased. Figures 6a and 6b show the asvmptotic fouling

resistance a2s 2 function of the particle conceniration for the
annular probe znd the coiled wire, raspeccivly. For both probes,
the asymptotic fouling resistance increasss roucghly linearly with

increasing particle concentration. Howevar, while this incresase
already starts at the lowest concentrations for the coil, a
minimum particle concentration seams to be necessary to initiate
fouling on the annular probe. The latter result, which may be
attributed to the much higher flow velocities in the annulus, was
also found for hematite particles in water by Hopkins [10], who
could not detect any deposition on the inside of a tube for
particle concentrations below 2000 ppm. Figures 6a and 6b

illustrate that under typical conditions the annular probe
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Attempts were made to evaluate the fouling rates at the

beginning of the experiments as a function of ths various
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Howsver, as the depesition was found to

occur very gquickly at the basginning, the scatter of ths data in

(%)

this region makes ths e2valuation of initial fouling rates
difficult and uncertain. Figure 7a shows the inizial fouling rate

for the annular probe as a function of the particle concentration

data one can se2 that the initial rate increases linearly with
the particle concantration. A diffarent result is obtained from

. -

igure 7b, which shows the initia

-

1}

fouling rates for the coiled

wire as a function of the particles concentration and :ths mass

velocity. Although there are few data points at concentrations
below 50 ppm, the iniluence of the particle concesntration appears

]

to be much stronger, the initial deposition rate varying with the
concentration to a power of about 2.3. An explanation for this
behaviour cannot be givesn. However, it was observed that due to
the low flow velocities past the coiled wire large particles
tended to accumulate in the channel around the wire. Therefore,
the particle concentration in the channel may have been somewhat

different from that in the rest of the loop.



5.4 Influence of the Flow Velocity

Figures 8a énd 8b show the influence of thé flow velocity on
the asymptotic fouling resiszance for the flow in the annulus and
past the coiled wire, respectively. Both diagrams contain two
sets of data, one measurad with a constant heat Ilux, the other
mzasurad with a constant inicizl wzll temperature. While the
asvmptotic fouling resistancs decrsases continuously wit

ng velocity if the initial wall temperature is the same

de

incr=aas
for =2ach run, i1t shows a diszinct maximum if all runs are done
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nearefors obvious that the wzll temperature (and hence the heat

h

lux) 1is an important paramscsr.

Figure 7b shows the initial fouling rates for the coiled
wire as a funcction of the particle concentration for wvarious flow
velocities. Within the investigatad range, no influence of the
flow velocity was found. A similar result was obtained for the

flow in the annulus.

5.5 Influence of the Heat Flux

The influence of the heat £

-

ux on the asymptotic fouling
rasistance 1is demonstrated in Figure 9. For both probes, the heat
flux was varied from 0 W/m? to 375,000 W/m? at constant system
pressure, flow velocity, bulk temperature and particle
concentration. For the measurements with zero heat flux (shown in
the semilog plot at 20 W/m?) both probes were heated every six

hours for a few minutes. The asymptotic fouling resistance has a
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maximum for the annular probe and for the coiled wire at heat
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the heat flux past the maximum leads to a sharp cdecresase of the

]

esistance, which finally goes to zero for the

1

asymptotic fouling

highest heat fluxes. It is worthy of note that the maximum

-

fouling ressistance for both hsaters occurs at an initial surface

o

C.

increased to very high values. It may be concludad that the

attachment of the particles to the wall is then prevantad by the

was observed during the initial experiments. Sevaral tests showed

that no differsnce 2xisted in hsat transisr and fouling behaviour
between experiments where the probe was initially wiped clean and
experiments where it was 'cleaned' by heating with the highest
pcssible heat flux. As the latter method is much more convenient

o

ecause it can be done without stopping and dismantling the

n

et-up, 1t was used to clean the surface throughout the

subsequent experiments.

For the conditions given in Figure 9, boiling started in the
annulus for g = 45,000 W/m? and at the coiled wire for
g = 90,000 W/m?. However, the decline of the asvmptotic fouling
resistance was observed at heat fluxes well below these valuss.
Therefore, other mechanisms in addition to bubbling have to be

responsible for the observed trends. One possibls explanation
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could be the contribution of thermophoretic forces diracted away

rom the heating surface and increasing with increasing heat flux
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[15]. If this hypothesis is correct, the heat flux should not
only influence the values .of the asymptotic fouling resistancs
but also have a noticeable effect on the initial fouling rates,

which are assumed o0 be a me
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As a matter of fact, it was found that for the msasursments with

the coiled wire the initial fouling rates start to decresass if a
heat flux of 70,000 W/m? was excssdad. For the highest heat flux
(375,000 W/m?), the dsposition rates was equal to zsro.

For runs with high particle concentration, i.e. thick

fouling deposits, tiny chimneys were observed in the dsposit,

which allowed for evaporation if th
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saturation temperature of
the heptane. Similar boiling chimneys have been described by
Macbeth [16]. The number of these chimneys increazsed with
increasing heat flux, thus making the deposit more porous and

more susceptible to break-off.

5.6 Influence of the Bulk Temperature

Although no reasonable explanation for the =2ffect has baan
proposed [3], the bulk temperature had a considerable influsnce
on the asymptotic fouling resistance - Figure 10. The dashed line
in this figure represents the data for a bulk temperature of
30°C, as shown in Figure 6a. While an increése of the bulk

temperature from 30°C to 50°C had no effect at all, -a reduction
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remarkable increase of the asymptotic fouling rasistfance.

the bulk temperaturs from 30°C =20 20°C resul:zed in a

higher flow velocities, this increzse was even mors pronouncad.

It

2s may be =2xpectad, the systam pressure

wds observed that the depcsit for the runs with the low b

fouling rates as long as heat was transfsrr=d by convectio
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or a giv

n heat flux, boiling was induced by decr=sa

system prassurs, a considerabls dacrease of the depositi
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noted, presumably due to the repelling action of the
NOMENCLATURE
pom particle concentration
kg/m? mass of deposit per surface arsa

mass velocity of heptane
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eposition flux
removal flux
pressure

heat flux

fouling resistance
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The

min time

min time constant

°C bulk temperaturas

°C wall temperature

°C initial wall temperature
m/s flow velocity
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Typical size distribution for suspended particles.
Fouling resistance vs. time for flow in the annulus and
past the coiled wire: effect of particle concentration.
Annular probe with deposit.

Fouling resistance vs. time for flow in the annulus and
past the coiled wire.

Asymptotic fouling resistance as a func-ion of the
particle concentration for the annular probe (a) and
for the coiled wire (b).

Initial fouling rates as a function of the particle
concentration for the annular probe (a)and for the

coiled wire (b).

~

Influence of the flow velocity on the asymptotic fouling
resistance for the annular probe (a) and for the coile
wire (b).

Influence of the heat flux on the asymptotic fouling
resistance for the annular probe and for the

coiled wire.

Asymptotic fouling resistance for the annular probe

as a function of the particle concentration and the bulk

r

temperature.
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TABLE 1

Range ' of System

Parametars

System prassurs

Bulk temperature

Heat flux

Particle concentration

Mags velocity ia the
annulus

Mass velocity past
the coiled wire

<pX<
< Tl
<qgK<

<cK

<t <

<d <

375,

400

-~
B~
N

3353

000 W/m2




TABLE 2 Dicmensions of Heating Elements

Coiled Wire

Annular Probe

Material SS 410
Wire diameter 0.2 mm
Wire length 125 mm
Coil diameter 1.25 m
Number of coils 25

Duct cross-— 40 mm x 13 mm

section

Matarial

Cora diameter

Annulus outer diametar
Heated length

Heated length to
thermocouple location

Entrance length to
thermocouple location

Ss 316

10.7 m

25.4 om

102.0 m

78.0 mm

294.0 mm
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