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Effect of Flow Velocity on the Surface Fouling
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Abstract

The flow velocity is one of the most imporiant parameters affecting the fouling
rate on the heat transfer surfaces. An experimental study is carried out to investigate
the effect of flow velocity on the surface fouling for the particulate fouling type. The
experiments are carried out under consiant surface temperature by using the steam as
a heating medium. Water with a solid particle concentration of | gm/lit is used as a
test fluid and the test flow velocities are ranged from 0.24 to 1.42 m/s. The runs have
been operated for a long time period (about 200 hrs) to attain the asympiotic fouling
resisiance.

The obtained experimental results showed that; increasing the flow velocity
decreases both the fouling resistance and the asymplotic fouling resistance. The delay
time is very small and it seems to be zero. The saw tooth effect has been obtained in
all runs. There is a great effect of flow velocity on the fouling resistance due to
velocities in the range from 0.24 to 0.35 m/s where this effect is seen to be smaller
when the flow velocity increases from 1.21 to 1.42 m/s.

Nomeanclature
A heat transfer surface area, m’ t time, §
A. heat transfer surface area for tc time constant, s

clean condition, »” Tewi cooling water inlet temperature,
As heat transfer surface area for °C

fouled condition, m’ Tewo cooling water outlet temperature,
Cp.w cooling water specific heat, °’C

klkgC T. steam temperature, °C
di test tube inner diamcter, mm U overall heat transfer coefficient,
d, test tube outer diameter. mm Winr."C
1 tested section length, m U, overall heat transfer coefhicient
M'ew cooling water mass flow rate, for clean condition. W/22.°C

kg/s Ur  overall heat trunsfer coefficienn
Q  heat transfer rate, W for fouled condition, W/n’.°C
R fouling resistance, m*. "C/W ATin logarithmic mean temperature
R asymptotic fouling resistance, difference, °C

m' *C/W
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LIntroduction

Fouling of heat transfer surlaces is
defined as the deposition and
accumulation of unwanted materials on
the heat transfer surfaces, increases the
overall resistance to heat transmission
and reduces the performance and
efficiency of the heat transfer
equipments [1]. In industry, fouling
affects both capital and operating costs
of heat exchangers and causes a
considerable additional costs such as
energy losses due to the decrease in the
thermal efficiency, losses of production
during shut down for cleaning. Using
the recommended fouling factors by
TEMA [2] for a typical water-water
heat exchanger, the heat transfer
surface area may be increased by 100
%. The overall cost of fouling in the
United Kingdom was estimated to be
0.5 % of the Gross National Product
[3]. In the USA the cost of fouling was
estimated as US$ 1400 M per year [4].

There are many types of fouling
that can occur on the heat transfer
surfaces [5}. The main types are;
precipitation  fouling,  particulate
fouling, biological fouling, chemical
reaction fouling, corrosion fouling and
solidification fouling. The factors
affecting the fouling depositions are
[6]; fluid flow velocity, surface
temperature, fluid bulk temperature,
heat  transfer surface  material,
characteristics of the fouling fluid and
geometry of the heat transfer surface.
The fouling resistance, R is
determined from the overall heat
transfer coefficient of the fouled and
clean surfaces as:

I i
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The overall fouling process is
indicated by the fouling resistance
(called fouling factor), Ry which is
measured by a test loop or from the
decreased capacity of an operating heat
exchanger. The results are presented as

the fouling factor-time curve. This
curve can lake dilferent modes as
linear curve ( Ry = a (), falling rate
curve or the asymptotic curve which
represented mathematically as:

Rf = R.Jr (! _e-r/rc)

Many investigators have studied
the fouling phenomenon theoretically
and experimentally. Watkinson, et al.,
[7], obtained a set of experimental
fouling-time curves and compared
there results with the theoretical
fouling model proposed by Kern and
Seaton [8]. It was found that, the initial
fouling rate was inversely proportional
to the mass flow rate and dependents
exponentially on the initial wall
temperature. They reported also that,
the asymptotic fouling resistance was
inversely proportional to the squared
mass flow rate. Webb and Li, [9,10],
investigated the effect of internal tube
enhancement on the fouling types.-A
comparison between pure particulate
fouling and combined precipitation and
particulate fouling had been carried
out. They found that, the fouling
resistance due to pure particulate
fouling is less than that due to the
combined precipitation and particulate
fouling. Kim, et al., [11], investigated
the effect of electronic anti-fouling
(EAF)  technology on  fouling
mitigation in a heat exchanger in an
open cooling tower systems. They
found that, the fouling resistance with
EAF (reatment was about 70% less
than that without EAF treatment at the
end of 270 hours test,

['rom the previous studies and the
literature work, the effect of the flow .
velocity on the fouling deposition is
limited. Therefore. in the present work,
the effect of flow velocity on the
surface fouling is investigated and
studied.
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2. Experimental work

A differential technique has been
developed and an experimental test rig
is designed and used for measuring the
fouling resistance. Fig.(1) shows a
schematic diagram of this sct up. The
set up is designed to simulate the
operating conditions of the most
widely used heat transfer equipment.
The condenser has three copper tubes
(Cu-Ni 97%}, outer diameter 19 mm,
inner diameter 16 mm, total length
2400 mm and test section length 300
mm. The test section is chosen to be at
the middle of the test tubes, where the
surface temperature is almost uniform.
The interance length is long enough
(11060 mm) to yield hydraulically and
thermally fully developed flow in the
test section. The three test tubes are
used to study the effect of flow
velocity on fouling deposition where
each tube has a different flow velocity.
The cooling water (which has used as a
test fluid) flow rate in each tube is
controlled and measured with hand
valve and rotameter respectively. The
experiments were carried out under
constant particle concentration in a
closed loop. In the preparation of the
test fluid and to have a colloidal

solution, it was found that the solid
particle concentration was [ g/lit. The
concentration  was  measured  and
controlled 1o give a colloidal solution
using filtration papers piving a
maximum particle size of 45 pm. The
particle concentration of lg/lit was
kept constant during all runs. Fig.(2)
shows the closed loop of the cooling
walter. The cooling water is coofed ina
heat exchanger and returned back to a
storage tank to be recirculated again
with a pump. Dry saturated stcam
generated by the boiler is used in the
condenser. The steam loop and the
condenser are thermally insulated. The
pressure and temperature of the steam
are measured and Kept constant during
the runs. The mean temperature of the
test tubes surface and the bulk mean
lemperature of the cooling water
entering and leaving the test tubes are
measured by thermocouple type E. The
thermocouples are connected to a
calibrated digital electronic
temperature recorder. The experiments
are carried out in two groups with six
different flow velocities ranging from
0.24 to 1.42 m/s. The values of these
velocities are given in table ().

Table (I). Test parameters of the experimental runs,

Group no. | Test section no. | Velocity, ms | Flow rate, kg/r |
1 1.21 875
I 2 0.62 450
3 0.35 250
1 1.42 1030
Il 2 0.51 370
3 0.24 170

The inlet and exit cooling water
temperatures across the three test
sections are measured for each velocity
at intervals of | hour and the net
working time for each group was about
200 hours. The pressure and

temperaturc of the saturated steam
were measured and controlied to be
constant at atmospheric pressure and
100°C during all runs. Therefore, the
test sections surface temperature was
kept constant for all  runs.
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Fig.(2). Cooling water closed cycle

3. Results and Discussions

The experiments have were out to
study the effect of flow velocity of
(cooling water) on the fouling
resistance, R¢ and on the asymptotic
fouling resistance, R'r. A total of six
velocities are tested using the city
water after distillation and addition of
solid particles. The fouling resistance is
determined by subtracting the overall

thermal resistance when the test section
is clean (at start of the run, zero time)
from that when it is fouled (at time 1)
as follows:
Re=(1/Ur) ~ (1/U:) (N
The overall heat transfer coefficient
for both clean, U, and fouled, U
conditions are pgiven from the
following governing equations:
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Q = r"'cw Cpc‘u (T‘nrn = t'm)
=UAATm (2)

ATm = {(T, - Tai - (Tc - T}/ I
[ (T-\‘ - Tcwt.)/ (Tx = Tm)] (3)

A=n(d+d)L2 @)
U= Q/A ATm (5)
WU.= (A ATm/Q). (6)
1/U= (A ATm/Q), o

U. and U are measured al the same
thermal-hydraulic conditions.
Substitute from equations (2) - (7) in
eqn. (1) then;

Ry=(A.dTm/Q)y— 1/U, (8)

Rfc[A{(m'de'(Ts‘Tcw )/f"(m'rcm)/
(Te-Towo)} X1/ e Cpee (TewoTewd) —
/U, %)

From equation (9) it can be seen
that, the fouling resistance, R; depends
only on the inlet and outlet cooling
water temperatures of the test section,
for constant surface temperature, fluid
properties, fluid flow rate and heat
transfer surface area.

A computer program was prepared
to caiculate the fouling resistance
through the three test sections. The
input data to the program are the
measured inlet and outlet cooling water
temperatures, the surface temperature
of the test sections, test section
dimensions and the mass flow rates.
The output of the program is the
fouling resistance with time for each
velocity.

The fouling curves are presented as
a relation between the fouling factor,
R, and time. Figures (3), (4), (5), (6),
(7) and (8) illustrate the experimental
results for flow velocities of 0.24, 0.35,
0.51, 0.62, 1.21 and 142 mfs
respectively. From fig.(3), it can be
seen that, the fouling resistance appears
to be small and has negative values at
the first 22 hours. These negative

values of Ry are due to the increase in
the local heat transfer coeflicient as a
result of surface roughness caused by
the initial paricie deposition on the
clean surface. In spite of increasing the
thermal resistance due to particle
deposition, the increase in the film heat
transfer coefficient is larger and
therefore the fouling factor has a
negative value. Also, it can be
observed the shape of the saw tooth
phenomenon in this figure. This
phenomenon is a result of partial
removal of some deposits followed by
a rapid build up of deposits in a short
time. The last 30 hours show that the
fouling resistance appears 10 be
approximately constant and the
asymptotic fouling resistance is almost
obtained (R'; = 0.000777 m’.°C/W).
The solid curve represents the best fit
of the experimental data.

Figure (4) shows the fouling curve
for a flow velocity of 0.35 m/s. The
fouling resistance in the first 45 hours
has a small value and many negative
values is observed in the early stages of
fouling. During the second 43 hours
the fouling resistance was increased
slowly with time. A power failure was
occurred after 93,5 hours and after that
it is observed that the fouling is rapidly
increased. This rapid increase in Ry
could be due to formation of fouling on
another place and transportation of
these deposits to the test section. The
same power failure occurred with
velocities of 0.62 and 1.21 m/s. this
phenomenon was also observed in the
experimental work of K.E. Coates and
J.G. Knudsen [12]. It is seen that the
fouling formation has a saw tooth
shape due to partial removal of some
deposits. This effect is due to
sloughing followed by a rapid build up
of deposits. '

As the fouling layer thickness
increases, its thermal resistance
increases due to the lower thermal
conductivity of the fouling material.
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Fig.(4). The fouling factor for a flow velocity of 0.35 m/s h

Duning the last 30 hours the
fouling resistance appeared to be
constant and the asymptotic resistance,
R'¢ is obtained (R, = 0.000577
m’ °C/W). The asymptotic resistance of
this velocity is less than that of the
velocity 0.24 m/s by about 34.95 %.

Figure (5) shows the plot of the
fouling factor for a flow velocity of

0.51 m/s. It is seen that, the fouling
resistance has the same behavior as the
saw tooth effect and it increases
gradually with time during the first 160
hours. During the last 40 hours it seems
to be constant where the asymptotic
fouling resistance is approximately -
achieved (R'y = 0.000331 m’°C/W).
The asymptotic fouling resistance of



this velocity is ess than that of velocity
0.24 m/s by about 62.68.

Figure (6) shows the variation of
fouling resistance, R with respect (o
time at a flow velocity of 0.62 m/s, It is
seen that, the fouling resistance has the
same behavior but smaller value than
that of the above three velocities due to
the higher flow velocity. Also power

0.0008 - - —

P=i0atm  T,=100°C
'M_,2370 kgfte, V_=0.51ms

f

0.0006

-0.0008 gy
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———— e ——

failure happencd after 93 hours of
operalion and afler that the (ouling
resistance is increased rapidly. During
the last 100 hours of operation the
fouling resistance is increased by a
decreasing rate until the asymptotic
resistance is achieved (R', = 0.000228
m’.°C/W). This value is less than that
of velocity 0.24 m/s by about 74.30%.
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Figures (7) and (8) show the fouling
curves for velocities of 1.21 and 1.42
m/s respectively. As shown in both
figures, the fouling resistance increases
with time and the saw tooth effect
appears in both curves. The asymptotic
fouling resistance of the velocity 1.21
m/s is achieved after 170 hours of

T"mdo'c*
o= 21mfs,

iP=10atm

Mostafa M. Awad, S. M. Abd Ei-Samad, H. E. Gad & F. 1. Asfour

operation (R = 0.000146 m’ *C/W). I
is smaller than that of flow velocity of
0.24 m/s by about 83.54%, where as
the asymptotic fouling resistance of the
velocity 1.42 m/s is achieved after l60
hours of operation (R, = 0.000114 .

°C/W) and is smaller than that of
velocity 0.24 m/s by about 87.16%.
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100 160 180 200
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Fig.(7). The fouling factor for a flow velocity of 1.21 m/s
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Fig.(8). The fouling factor for a flow velocity of 1.42 m/s
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All the obtained fouling curves for
the six velocities are plotted in Figure
(9) to show the difference between
them. From this figure it can be seen
that:

* The fouling resistance gradually
increases with time in all runs.

* The obtained fouling resistance in
this study is of the asymptotic type
and the asymplotic values are
achieved after about 160 to 180
hours of operation. ~

% The delay time is almost zero and
there is some improvement in the
overall heat transfer coefficient at
the beginning due to the
roughening of the heat transfer
surface as a result of odd
distribution of deposits on it.

¥ At the first 25 hrs, the effect of the
velocity on the fouling is irregular
and afier that, both R; and R’f
values decrease by increasing the
flow velocity.

(411 4] |1 B PU. § - e S NS . L S .
! v=D24ms |
j 0.0008 4 ‘
! !
|
: g i
: |
: £ 0.0003 J {
i 3 LA I S ‘
¢ ﬁ
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1 : i P
- -0.0003 . - T
i
[
+0,0005 —— e Tt et e o B oy Joe o p v—'v——'v_-r‘_r‘_r""—r-l |
. 0 20 40 60 80 100 120 140 160 180 200 |
! Time () |
]

Fig.(9). The fouling factor as a function of time at different flow velocities

The asymptotic fouling resistance is
plotted with respect to the flow
velocity in Fig.(10). From this figure,
the asymptotic fouling resistance
decreases as the flow velocity increases
under the same operating conditions.
At low velocities, the step increase in
the flow velocity has a great effect on
both fouling and asymptotic fouling
resistances but at higher velocities this
effect is smaller. The average curve of
the asymptotic fouling resistance with
the flow velocity (the best fit of
experimental data) has the following
form: : '

R = 0000164V (10)

As mentioned abave, the asymplotic
fouling resistance mode can be
described by an exponential equation
as Rp= R (1-e

From the experimental results for
the flow velocity of 0.24 m/s the
asymptotic fouling resistance, R’y is
equal to 0.887 m>.°C/kW. Substituting
this value in the above equation then;

Ry = 0.887 (- (n

The value of the time constant, t,
can be evaluated from the regression of
the fouling curve and using equation

M. 35
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(11). At time t=t. it is known that R, =
0.632R’; then RAt=1)=0.561 m’."C/kW.
Therefore, from the experimental data,
at R, = 0.561 m’.°C/kW, the value of
t. = 73.36 hours, then equation (11)

can be rewrilten as ;@

Ry = 0.887 (1 - ¢*7%) m °ClkW,
where

t in hours

0.0012

g 00010

| "

ki g 0.0008

gﬂo i

3 s 0.0006 1 : |
- * .= 0.0001 647V 129 |
DB LS i
| € & 0.0004 1

[=
i\ E 2
| =
} « 0.0002 { - -
1
| 0.0000 - — -

0.24 0.35 0.51 0.62 1.21 1.42
Velocity, V, (im/s)

Fig.(10). The asymptotic fouling resistance vanation with respect to the flow velocity

For all the tested flow velocities, fouling resistance, the time constant

the asymptotic equation for each
velocity can be deduced by using the
same above procedure. The asymptotic

and the reduction in the asymptotic
fouling resistance for each tested flow
velocity are summarized in table (2).

Table (2) Summary of the experimental results.

V, (m/s) R*;, ni. °C/AW t, hr B=1/t, ' | AR %
0.24 0.887 73.36 0.01363 -
0.35 0.577 90.73 1.01102 34.95
0.51 0.331 73.32 0.1364 62.68
0.62 0.228 87.85 0.01138 74.30
1.21 - 0.146 43.95 0.02278 83.54
1.42 0.114 99.12 0.01009 87.16

Conclusions and Recommendations
The experimental runs show that, at
the first 25 hrs the effect of the velocity
on the fouling is irregular after that
both Ry and R°; values decrease by
increasing the flow velocity. The delay

time is almost zero and there are some
improvements in the overall heat
transfer coefficient at the beginning
due to the roughening of the heat
transfer surface as a result of odd
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distribution of deposits on it. The saw
tooth effect is observed in all runs and
the fouling resistance gradually
increases with time. The obtained
fouling resistance in this study is of the
asymptotic type and the asymptotic
values are achieved afler about 160 :
180 hours of operation. The asymptotic
fouling resistance is decreased by
34,95% when the flow velocity is
increased from 0.24 1o 0.35 m/s while
it is decreased by 21.92% when the
flow velocity is increased from 1.21 to
1.42 m/s. This means that, at low
velocities, the fouling resistance is
affected by the change of flow velocity
more than at high velocities.

In the design and operation of heat
transfer equipment, the flow velocities
must be as high as possible. A
theoretical investigation of this
problem is essential. A future work
with other fouling fluids and other
operating parameters is recommended.
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