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control units [5] is utilized to adjust the input power to the test heater, vessel band heater, and
preheater. As shown in Figure 3.3 it consists of three variable transformers with an electronic

temperature controllers and digital power meter.

Fig. 3.3 Power control units

An electrically heated rod of HTRI design, as shown in Figure 3.4, is used as the heating
element for the experiments. It has a total length of 460 mm and a diameter of 10.67 mm and
is electrically heated on a length of 99.1 mm in the middle of the heater. The maximum output
power of the heater is 1500 Watt which can provide a maximum heat flux of 450 kW/m>. As
shown in the figure, the heater is made of stainless steel (S.S) by installing the heating
element into a thin-walled of stainless steel tube with a surface roughness of 0.8 m. The
heater has four E-type thermocouples which are embedded into the heater wall. One of these
thermocouples is used to trip the heater power supply if the internal temperature of the heater
exceeds a set limit. The other three thermocouples are used to measure the surface
temperature of the heater. A safety relief valve is fitted at the top of the flow circuit to relieve
the pressure if it unexpectedly increases due to a failure in cooling or in power control system.
Boiling vessel, condenser, preheater, and all pipes are insulated to minimize the heat losses
from the rig. Two layers of insulation material (25 mm thick fibre glass covered with
aluminium foil) are used to minimize the heat losses from the system. For initial degassing of

the test liquid, vacuum is drawn by a vacuum pump [8] connected to a cold location of the
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condenser. To protect the vacuum pump from condensate and avoid the loss of too much

vapour during degassing, a steam trap is also connected to a pump.
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Fig. 3.4 HTRI cartridge heater (all dimensions in mm)

An OMEGA PXM209 absolute pressure transducer [9] is also connected to the vessel [1]
to measure the inside pressure. Three K-type thermocouples with diameter of 3.5 mm are
inserted inside the vessel to measure the bulk temperature and the condensate return
temperature. Output from one of these thermocouples is used to trip the variac power unit if
the bulk temperature exceeds a set limit.

An Agilent 34970A data acquisition system [7], with 34901 A armature multiplexer was
used for all temperature, pressure, voltage, and current measurements. A compatible PC was

used to control the data acquisition unit and record all data via PCI-GPIB interface.

3.2 Test tubes

The investigated tube specimens are either plain or structured tubes. The original stainless
steel heater as shown in Figure 3.4 is utilized to represent the plain tube type. The HTRI rod
heater is also used as a cartridge heater for the investigation of a plain copper tube. The
investigated structured tubes are:

1. low finned tubes with a fin density of 19, 26 and 40 fpi (fins per inch) made from

Copper-Nickel (Cu-Ni), alloy of CuNi10Fe1Mn as well as copper (Cu).
2. modified finned tube (Re-entrant cavity type) identified as Turbo-B tube.
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More specifications about these tubes are given in Table 3.1 with geometries of the

original low-finned tubes defined in Figure 3.5.

Table 3.1 Test tubes specifications

Tube specifications Plain Finned Finned | Finned | Turbo-B
(19 pi) (26 fpi) | (40 fpi) (401pi)

Fin density (fpi) 19 26 40 40
Inner diameter(D;), mm 10.7,13.9 10.7 13.9 13.9
Outer diameter(D,), mm 15.7,18.9 15.7 18.9 18.9
Base diameter(Dy), mm 12.7,15.9 12.7 15.9 15.9
Fin height(h), mm 1.5 1.5 1.5,1 1
Fin pitch(m), mm 1.35 1 0.64 -
Wall thickness(s), mm 1 1 1 1
Diameter at Thermocouple 11.7,14.9 11.7 14.9 14.9
location(Dy,), mm
Tube length(L), mm 100 100 100 100
Surface area , m?/m 0.12 0.15 0.2 -
Structure type plain finned finned finned | re-entrant
Material S.S, Cu Cu, Cu-Ni| Cu-Ni Cu Cu
Thermal conductivity, W/mK 18, 400 400, 45 45 400 400
Surface energy, mN/m 38,70 70, 37 37 70 70

Shape

AN
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h

Fig. 3.5 Fin type tube geometry

The base surface temperature of the tube can be determined by two 0.5 mm diameter K-
type thermocouples located at the bottom and top positions along the circumference of each
structured tube. Holes with a depth of 40 mm for inserting these thermocouples into the tube

wall are made by electrostatic discharge machining (EDM).

high temperature silicon

heating zone finned tube

HTRI heater

|

conductive copper cap thermocouples

material

Fig. 3.6 Test tube assembly
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Figure 3.6 provides the detailed arrangement of the test tube assembly with the HTRI
cartridge heater. To assemble the test tube, the fins are removed for the last 4 mm from both
ends of the tube specimen, where two copper caps are then soldered. Subsequently the
cartridge heater is pushed tightly into the finned tube specimen, such that the heating zone of
the heater is fully covered. The gap between the heater and inner tube surface is filled with a
thermal conductive paste (Amazon thermal compound T12+Arctic Silver 5” with thermal
conductivity of 9.8 Wm™'K™") to reduce the thermal contact resistance between tube and heater
rod. A thermal resistive silicon paste is also filled into the two copper caps to attach the finned

tube and the heater and to diminish the possibility of solution intruding into the test assembly.

3.3 Preparation of CaSQ, solution
Saturated calcium sulphate test solution is prepared by directly dissolving calcium
sulphate hemi-hydrate (CaSO4-%2 H,0) in distilled water. The weight of the required calcium

sulphate hemi-hydrate was calculated using the following formula

W(CaSO 4+ H,0) = C, *V(H,0) *| M- 52504 2 H0 *( 100 )
Vg 72 P =5 2 MW CaSO,4 purity

where W is the weight, V is the volume and C, is the required bulk concentration.

The purity of the used calcium sulphate hemi-hydrate was found after several titrations to
be 90%. The remaining impurities can not be dissolved in water and settled on the bottom of
mixing tank during the preparation of the solution. It was ensured that they were not
introduced to the boiling vessel along with the CaSO, solution. As calcium sulphate is
difficult to dissolve in water, an ultrasonic device is used for one hour for initial dissolving,
followed by stirring at 1400 rpm for 24 hour. Then the calcium sulphate solution was left for
another day to allow eventually impurities and remaining particles to settle down to avoid any

suspended particles in the solution which may affect the fouling process.

3.4 Experimental procedure and data reduction

Due to the dominant influence of initial conditions on the subsequent deposition process,
consistency of the experimental procedure is of prime importance. At first, the test tube has to
be carefully cleaned with distilled water and finally with acetone, to remove any dust particles
between the fins. The boiling vessel must also be cleaned thoroughly from remaining deposits

from the previous fouling run. Afterwards, the test tube assembly is mounted and fixed
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horizontally into the vessel. Before filling the vessel with solution, it should be evacuated for
about one hour to check the system integrity and to remove air from the system. Prepared
calcium sulphate solution will then be charged into the vessel using a 6 mm flexible sample
line, until it is filled to a level approximately 3.0 cm below the top. The vessel is then left to
continue degassing until the vacuum remains constant.

Preheating of the solution to the saturation temperature was accomplished by switching on
the vessel’s band heater. As any dissolved gases present in the solution may affect the boiling
heat transfer, a vacuum pump was used at regular intervals during preheating to remove
residual gases. Simultaneously the cooling water flow to the condenser was turned on at early
stages to create a natural siphon and to provide degassing of the unheated section of the test
rig. The data acquisition system was switched on to assess the stability of the operating
conditions. After approximately 3 hours of preheating the system becomes stable at saturation
conditions. The complete details of the experimental procedures are given in Appendix A.

To ensure consistency of the results, a comparison has to be made between the saturation
temperature for the measured pressure and the liquid temperature measured by the
thermocouples. Once steady-state conditions are confirmed, the power to the test section is
turned on by adjusting the variac power supply to the desired heat flux. The data acquisition
system then records all inputs every 30 seconds and stores them as Excel spreadsheets.

For the determination of heat transfer coefficients, experimental data such as bulk
temperature, heat flux, and average wall temperature of the tube are required. The bulk
temperature is obtained by averaging the two bulk thermocouple readings. The heat flux is

calculated using:

P (3.1)

Where “Vj” and “I,” are the measured heater voltage and current, respectively, and Ay, is the

base surface area of the finned tubes which can be calculated as:
A

—7.D, L (3.2)

where Dy, and L are the finned tube base diameter and tube heating zone length, respectively.
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The base surface temperature of the tube is determined from the two thermocouples

located inside the tube wall by assuming one-dimensional heat conduction through the wall

as:
| 2
Tg = Ezél Ts,i (3.3)
in which:
D, .4 D
_ b b
Ts,i = Tth,i v ln(—Dth J (3.4)

where k is the tube thermal conductivity, and Dy, is the respective tube diameter at the
position of thermocouples. The values of k and Dy, are given for each tube in Table 3.1.

The average heat transfer coefficient can then be determined as:

__ 9 3.5
ST Ty G

For all investigated structured tubes, the heat fluxes as well as the resulting heat transfer
coefficients are calculated with respect to the base surface area and thus the base surface
temperature. This definition is identical to what has been used before by Ayub (1986) and
Pulido (1984) for similar structured surfaces.

Finally the fouling resistance due to deposition of calcium sulphate is calculated as a

function of time as:

1 1
4 (e e >

or

T.-T T.-T
R.o=|2_b| |5 b (3.7)
4 7 ) 7)o

Subscripts “t” and “0” denote conditions at any time and at the beginning of the

experiment when the tube is considered to be clean. It should be pointed out that the boiling
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heat transfer coefficient at the deposit/fluid interface may change once deposits start to form
on the surface due to 1) change in number of nucleation sites and 2) reduced deposit/fluid
temperature (Jamialahmadi and Miiller-Steinhagen, 1993).

The range of experimental operating conditions i.e., heat flux, bulk temperature, bulk

concentration, and pressure used in these measurements is given in Table 3.2.

Table 3.2 Range of operating conditions

Experimental Solution Heat flux temB:rl:ture Pressure
mode [g/L] [kW/m’] 1[’0 ] [bar]
Distilled water 5to0 300 100 1.03
Clean '
CaSOs 1.6 50 300 101
CaSO;, 1.6
Fouling 50 to 300 101 1.03
CaSOs 1.2

3.5 Experimental error analysis

The experimental error associated to heat transfer coefficients and fouling resistances may
be due to the errors of the measured data of heat flux, surface temperature, and bulk
temperature. A constant and stable power to the heater is transmitted by means of a power
stabilizer to minimize the power fluctuations. However, a bias error of approximately £2% in
the measured heat flux is expected due to errors in the measurements of electrical current and
voltage. The systematic errors for the measurements of bulk and surface temperatures are
approximately +0.4 K. For example, uncertainty with 95% confidence is calculated for both
heat transfer coefficient and fouling resistance at the beginning and the end of the fouling run
for 1.6 g/L CaSO, and a heat flux of 200 kW/m®. Table 3.3 details the calculated uncertainty
values at run times of 100 minutes and 1200 minutes respectively.

The uncertainty for the heat transfer coefficient changed from 7% to 2.7% and for the
fouling resistance from 25.4% to 4.5% at the beginning and the end of the run respectively.
Referring to Equations (3.5) and (3.7), it is obvious that the largest experimental uncertainty
for both heat transfer coefficient and fouling resistance occurs for the smallest driving
temperature difference, i.e. at the start of the experiment. More details about the calculations

of uncertainty are shown in Appendix C.
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Table 3.3 Calculated uncertainty

Parameters Bias error Precision error

(Bi) (P)
@t=100| @t=1200 |@t=100| @t=1200
min min min min
Heat flux (¢ ) +2 % +2% 318.7 313.2
Surface temperature (T,) |+04K| +04K | 0.808 | 0232 Uncfg‘i‘imy
Bulk temperature (Ty) +04K| 04K | 0.116 0.105 |@ t=100| @ t=1200
min min

Heat transfer coefficient (a)| 502.15 150.8 625.11 26.25 7% 2.7%
Fouling resistance (Ry) 2.89E-6| 3.2E-6 4.1E-6 | 7.49E-7 | 25.4% 4.5%
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CHAPTER 4
EXPERIMENTAL RESULTS AND DISCUSSION

As stated in chapter 2, previous fouling investigations with structured tubes were
restricted to a narrow range of operating conditions and reported somewhat contradictory
results. This chapter presents a comprehensive set of experiments for clean and fouling
conditions for the plain and structured tubes with a wide range of operating conditions defined
in chapter 3. Accordingly the present chapter is comprised of three major sections. The first
section addresses the behaviour of plain tubes under fouling and clean conditions for
comparison with structured tubes. The second section focuses on the performance of low
finned tubes and the last section on modified low finned tubes with re-entrant cavities.
Fouling of re-entrant cavity tubes (Turbo-B tube) will also be compared with that of plain and

finned tubes.

4.1 Plain tubes
A set of experiments was carried out for the plain tubes under clean and fouling nucleate
pool boiling conditions for two substrates of stainless steel (S.S) and copper (Cu). The results

are required to facilitate later comparison with the other tubes.

4.1.1 Clean heat transfer coefficient
All experiments were carried out at atmospheric pressure by decreasing the heat flux from
300 to 20 kW/m® to avoid boiling hysteresis (Liang and Yang, 1997). Distilled water and

calcium sulphate solution of 1.6 g/L were used as working fluids.

4.1.1.1 Distilled water

Figures 4.1 and 4.2 show heat transfer coefficient and wall superheat temperature as a
function of heat flux for the plain copper tube during pool boiling of distilled water. At higher
heat fluxes, higher wall temperatures lead to the formation of more bubbles at the surface
which in turn increase the heat transfer coefficient.

To check the consistency of the pool boiling experimental set-up, the experimental data
for distilled water are compared with the prediction of the Gorenflo correlation (2006) that
has already been described in Chapter 2. It can be seen that the experimental data are in good

agreement with the values predicted according to the Gorenflo correlation.
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Fig. 4.1 Clean heat transfer coefficients for pool boiling of distilled water and CaSO, solution
on plain copper tubes
4.1.1.2 CaSQy solution

For calcium sulphate solution, the values of “clean” heat transfer coefficient were
determined immediately during the first two minutes to avoid deposition of CaSOj4 salts on the
heat transfer surface. The measured clean heat transfer coefficients of CaSQO4 solution with a
concentration of 1.6 g/L are compared with those of distilled water for the same operating
conditions in Figures 4.1 and 4.2.

It can be seen that the heat transfer coefficients of the CaSO, solution are lower than
those of distilled water particularly for higher heat fluxes. As reported by Jamialahmadi and
Miiller-Steinhagen (1993) the addition of calcium sulphate to the distilled water leads to
changes in the physical properties of the solution, particularly the surface tension and
viscosity. Figure 4.2 underlines that for the same heat flux, higher wall superheat is expected

for the CaSQy solution.
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Fig. 4.2 Heat flux versus wall superheat for plain copper tube during boiling of distilled water
and CaSQy solution

Moreover, a reduction in the rate of bubble growth is expected during boiling of CaSO4
solution compared to that of distilled water due to the limiting effect of mass transfer of the
non-volatile CaSO4. This leads to reduced heat transfer coefficients in case of CaSOQOy4
solutions compared to those of distilled water (Jamialahmadi and Miiller-Steinhagen, 2004).

To discern bubble formation mechanisms during boiling of distilled water and CaSOj4
solution, a high speed camera was used to record images. Figure 4.3 compares bubble
characteristics in terms of size, shape and density for various heat fluxes on the copper heat
transfer surface during boiling of calcium sulphate solution with a concentration of 1.6 g/L
and distilled water for the same operating conditions.

It is apparent that the number of active nucleation sites decreases significantly due to the
presence of calcium sulphate salts compared with those of distilled water for the same heat
flux. Hemispherical bubbles with large contact area were observed with CaSO4 solution while
for distilled water, the bubbles were mostly of uniform spherical size but with in smaller
diameters. Jamialahmadi and Miiller-Steinhagen (2004) attributed this to the changes in
physical properties of the solution which affect bubbles characteristics and the activation of

nucleation sites.
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Fig. 4.3 Comparison of bubble characteristics during boiling of distilled water and calcium
sulphate solution with 1.6 g/L concentration on a plain copper tube
4.1.1.3 Effect of surface material

To study the effect of tube material on the clean boiling heat transfer, a stainless steel tube
was tested for the same operating conditions as for the copper tube. The average values for the
mean surface roughness R, for all tubes remain within the range of 0.8 um by polishing them
with 240 grade sand papers. Figures 4.4 and 4.5 show the heat transfer coefficient and wall
superheat as a function of heat flux for stainless steel and copper tubes immersed in distilled
water. The copper tube shows a higher heat transfer coefficient i.e. lower superheat compared
with the stainless steel tube at the same heat flux. The reason for this may be attributed to the
higher thermal diffusivity of copper over stainless steel. The higher thermal conductivity k£ of
the copper (400 W/m.K) over the stainless steel (18 W/m.K) helps to transmit heat faster and
activate more nucleation sites (Miiller-Steinhagen and Jamialahmadi, 1990). Accordingly, a
higher number of vapour bubbles is expected in case of copper tubes compared to the stainless

steel tube at the same heat flux.
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Fig. 4.4 Clean heat transfer coefficients for pool boiling of distilled water on copper and

stainless steel tubes
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Fig. 4.5 Heat flux versus wall superheat of plain copper and stainless steel tubes during

boiling of distilled water

The effect of the heat transfer surface material on clean boiling heat transfer coefficient

has been considered in a number of pool boiling correlations in terms of physical properties of

the substrates such as density, heat capacity and thermal conductivity (Rohsenow, 1965;

Gorenflo, 20006).
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4.1.2 Fouling experiments

A systematic set of fouling experiments was carried out for plain and structured tubes
made from different materials. The effects of various operating parameters such as heat flux
and CaSO, bulk concentration were thoroughly investigated. For the sake of comparison, the

experimental results for the plain tubes were considered as reference.

4.1.2.1 Effect of heat flux

Figures 4.6 and 4.7 show how the fouling resistance varies as a function of time for plain
stainless steel and copper tubes, and various heat fluxes, and a CaSO, saturation concentration
of 1.6 g/L. The additional graphs on the left hand side depict the initial fouling resistances for
the first hour of the fouling runs as these results are almost undistinguishable in the crowded
overall fouling resistance figures for the full run length. It can be seen from the two figures
that all results follow the trends already reported by Palen (1966), Jamialahmadi and Miiller-
Steinhagen (1993) and Malayeri et al. (2005). Each fouling curve consists of three main
regions:

1. The first region occurring in the first few minutes of the fouling runs is characterized
by a sharp reduction in heat transfer coefficient (or an increase in fouling resistance).
This is primarily caused by the initial rapid formation of CaSO, deposits beneath the
bubbles on the plain tube. The rapid evaporation of the solution causes supersaturation
of CaSO, beneath bubbles and hence the formation of CaSO, deposits on the heat
transfer surface.

2. The initial incrustation spots increase the number of bubble nucleation sites
(Bornhorst et al., 1999). This results in a gradual increase of the heat transfer
coefficient i.e. a decrease in fouling resistance during the second region. The elapsed
time for this region is strongly dependent upon the heat flux; increasing heat flux
reduces the second fouling period.

3. As the deposit layer grows in thickness, the fouling resistance increases (3rd region)
until it reaches either the maximum operations temperature of the heater (here 170°C)
or an asymptotic value.

Fouling runs presented in Figure 4.6 had to be terminated once the surface temperature

exceeded 170°C for high heat fluxes of 200 and 300 kW/m” after 24 and 15 hrs, respectively.
Not surprisingly, the fouling resistance varies strongly with time as heat flux is augmented.

Higher heat fluxes tend to decrease the elapsed time during the first region of fouling. For
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instance for 100 kW/m?, it is about 18 minutes, while for stainless steel it is only 6 and 1

minutes for 200 and 300 kW/m?, respectively.
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Fig. 4.6 Fouling resistance on the plain S.S tube for different heat fluxes and a CaSO4
concentration of 1.6 g/L
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Fig. 4.7 Fouling resistance on the plain Cu tube for different heat fluxes and a CaSO4
concentration of 1.6 g/L

Overall, the effect of heat flux on fouling can be explained as follows:

e By increasing heat flux the surface temperature increases which in turn decreases the
solubility of CaSOy, in the solution. Consequently, the supersaturation in the microlayer
beneath the bubble increases which causes deposition rate to increase.

e At high surface temperatures, more nucleation sites are activated (Wang and Dhir, 1993)

which in turn generate more bubbles and consequently more deposition.
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e The deposition reaction rate at the surface “k,” is strongly affected by the surface

temperature T in form of:

k =k, e’(’éxj (4.1)

4.1.2.2 Effect of CaSO4 concentration

A different fouling behaviour is evident in Figure 4.8 for the same heat fluxes as in
Figures 4.6 and 4.7, but a sub-saturated CaSO4 concentration of 1.2 g/L. As expected, the
fouling resistance decreases due to the reduction in bulk concentration from 1.6 to 1.2 g/L.
The microlayer supersaturation diminishes by decreasing the bulk concentration,
consequently the fouling resistance decreases compared to the saturated case as shown in
Figure 4.8. Furthermore, unlike the results for the concentration of 1.6 g/L. shown previously
in Figure 4.6 for stainless steel tubes, the fouling resistances reach an asymptotic region after

1200 minutes for heat fluxes of 100 and 200 kW/m?.
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Fig. 4.8 Fouling resistance of the plain S.S tubes for different heat fluxes and a CaSO4
concentration of 1.2 g/L

Figure 4.9 shows the relative reduction in fouling resistance as a function of heat flux for
fouled stainless steel tubes due to a change in CaSO4 concentration from 1.6 to 1.2 g/L. The

reduction in Ry (at t = 1200 min) was calculated using the following equation.
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The relative reduction in fouling resistance at 100 kW/m® is 76% while it is 39% at 300
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Fig. 4.9 Relative reduction in fouling resistance versus heat flux for the plain S.S

4.1.2.3 Effect of tube material

Not only operating parameters such as heat flux and bulk concentration have strong
impact on fouling, but the characteristics of the surface can also influence this process. This is
because deposit formation can be considered as an interaction between deposit and heat
transfer surface (Zhao and Wang, 2005), in particular the initial fouling rate. Different
materials have different characteristic properties which may promote or reduce fouling.

(Islam, 1972; Helalizadeh, 2002)
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Fig. 4.10 Fouling resistance of the plain S.S and Cu tubes for different heat fluxes and a
CaSQy4 concentration of 1.6 g/L
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Fig. 4.11 Fouling rate of the plain S.S and Cu tubes for different heat fluxes and a CaSO4
concentration of 1.6 g/L

Figure 4.10 compares the fouling resistance for the plain stainless steel and copper tubes
for different heat fluxes and a CaSO,4 concentration of 1.6 g/L. Unlike its superior clean heat

transfer performance, the copper plain tube now shows a significantly higher fouling
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resistance for all heat fluxes when compared with those of stainless steel. Having considered
the initial fouling curves in Figures 4.6 and 4.7 for stainless steel and copper tubes, it is
obvious that the second fouling region disappears in case of copper tubes, especially at high

heat fluxes of 200 and 300 kW/m?’. The results already shown in Figure 4.10 are presented in

Figure 4.11 in terms of fouling rate Rf defined as

R, = % (4.3)
where ¢, t, denote time at the beginning and end of the linear part of the fouling resistance
versus time curve in the third region of each fouling curve. In Figure 4.11 both stainless steel
and copper tubes exhibit similar overall trends i.e. by increasing heat flux the fouling rate
increases but stainless steel clearly experiences lower fouling rates at all heat fluxes. The
higher fouling resistance and fouling rate of copper compared with stainless steel can be
explained as follows:

e As already mentioned above in section 4.1.1.3, the higher thermal conductivity of the
copper leads to more active nucleation sites and hence a higher tendency to foul.

e Surface free energy of the tube material plays a significant role in fouling of heat transfer
surfaces under boiling conditions. Miiller-Steinhagen and Zhao (1997), and Bonhorst et al.
(1999) found that the higher the surface energy the more severe adhesion would be and
vice versa. Copper has a significantly higher surface energy (70 mN/m) than stainless
steel (38 mN/m) (Forster et al., 1999; Liu et al., 2009). Thus it can be expected that the

copper tube exhibits poorer antifouling behaviour than the stainless steel tube.

4.2 Finned tubes

As mentioned earlier in Chapter 3, the investigated finned tubes are low finned tubes with
various fin densities and fin heights. The fin densities are 19, 26 and 40 fins per inch with a
fin pitch of 1.35, 1.0, and 0.64 mm, respectively. The heights of the fins are 1.5 and Imm and
they are made from Cu-Ni alloy and Cu as substrates. As for the previous section, clean and

fouling experiments for finned tubes will also be compared with those for plain tubes.

4.2.1 Clean heat transfer coefficient

Pool boiling heat transfer experiments were performed for the copper-nickel and copper
finned tubes for distilled water. Similar to results presented in the preceding section, the
experiments were carried out by decreasing the heat flux from the maximum value of 300 to 5

KkW/m?>.
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Fig. 4.13 Heat flux versus wall superheat for finned Cu-Ni tubes during boiling of distilled

water

Figures 4.12 and 4.13 show the measured pool boiling heat transfer coefficients and wall

superheat as a function of heat flux for

finned copper-nickel tubes compared with the plain

stainless steel tube. The finned tubes provide a higher heat transfer coefficient and lower wall

superheat. For heat fluxes below 40 kW/m?, nevertheless, the finned copper-nickel tubes show

no significant improvement either in he

at transfer coefficient or wall superheat compared to
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the plain tube. This may be related to the effect of reduced surface temperatures (due to low

heat flux) and the moderate thermal conductivity of copper-nickel (45 W/m.K) which may be

not enough to activate the available nucleation sites.
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Figures 4.14 and 4.15 demonstrate similar trends for the structured copper tubes with 19
and 40 fpi. It is evident that finned copper tubes show higher boiling performance compared
with plain ones even at low heat fluxes. The higher thermal conductivity of copper (400
W/m.K) may be responsible for this phenomenon by activating more nucleation sites even at
low heat fluxes.

At a higher heat flux of 250 kW/m?, the finned copper tube with 19 fpi shows a somewhat
lower boiling performance compared with the plain tube. No explanation can be offered for
this phenomenon due to the very high bubble density on the surface which made it difficult to
record any video suitable for image analysis. However, Pulido (1984) reported that for 19 and
26 fpi finned copper tubes at higher heat fluxes, an increased wall superheat leads to the
formation of more bubbles at the base of fins to an extent that this area is almost fully covered
by the bubbles. This prevents the flow of liquid to the base areas which in turn may result in a
deterioration of heat transfer. Therefore, the clean boiling heat transfer coefficient of finned
tubes can only be improved compared with the plain tube as long as liquid can access the tube
base.

Figure 4.16 compares bubble characteristics on the finned tubes with those of plain tubes
during pool boiling of distilled water for various heat fluxes. For the same heat flux, finned

tubes show a higher number of bubbles compared with the plain tubes.
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Fig. 4.16 Bubble behaviour during boiling of pure water on a plain and 19 fpi finned tube at
different heat fluxes

The reliability of the present experimental results for finned tubes has been confirmed by
comparison with published work, e.g. Ayub and Bergles (1987), Bajorek (1988), and Yilmaz
and Westwater (1981). Figure 4.17 compares previous experimental results with those of the
present work in terms of heat flux versus wall superheat. Good agreement, in particular at

lower heat fluxes, exists between the present results and those in the literatures.
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Fig. 4.17 Comparison of published and present experimental results for the 19 fpi copper tube
with distilled water
4.2.2 Fouling experiments

4.2.2.1 Effect of heat flux

As shown in the preceding section for plain tubes, the heat flux can substantially influence
the deposition process due to its effect on microlayer supersaturation beneath bubbles.
However, the experimental results for finned tubes show quite different trends of fouling
compared to those of plain tubes for similar operating conditions. Figures 4.18 and 4.19
demonstrate the variation of fouling resistance as a function of time for a finned tube at
different heat fluxes and CaSO4 concentrations of 1.6 and 1.2 g/L. The experimental results
underline that:

1. The shape of the finned tube fouling curve can be described as “asymptotic” i.e.

reaches an asymptote after a certain period of time.

2. The negative impact of higher heat fluxes on fouling is noticeable for the finned tube,
but somewhat unexpected. In particular, the results for the heat flux of 300 kW/m?
display a peculiar trend, i.e. the fouling resistance is lower than that for 200 kW/m?,
contradicting the results that were shown in the preceding section for plain surfaces. In
Figure 4.18 for a high heat flux of 300 kW/m?, the fouling resistance is lower than that
for 200 kW/m? due to the effect of bubble generation and fin geometrical properties on
the deposit adhesion.
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3. For a low heat flux of 100 kW/m?, the fouling resistance fluctuates around zero. The

reason for this is related to bubble behaviour i.e. bubbles that are coming from the side

and bottom part of the finned tube generate high shear on the fin sides as they make

their way from the fin base to the bulk liquid.
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For finned tubes, the “wiping action” of bubbles which can be created between two
parallel fins can reduce deposit formation further in particular for low heat fluxes. The
bubbles departing from the fin base create a drag force behind them, thus the exerted shear
and drag help to remove frail deposits from the fin and base surfaces. Accordingly, based on
visual observations which are schematically illustrated in Figure 4.20, this phenomenon can

be described in the following steps:

bubbles

/H* |

\@ ety <_‘2

(1) ) 3)
Fig. 4.20 Descriptive sketch of the effect of bubble formation on scale deposition

vote”
e
00 00,

Qﬂ.

(1) A small bubble generated on the base surface of fins like that on the plain tube leads to the
formation of a thin layer of deposit beneath the bubble.

(2) The subsequently generated bubbles also depart from the base in a spherical shape and
leave behind a thicker layer of scale.

(3) At the same time the departing bubbles generate a vortex in their wake with additional
turbulence that may wash away the frail deposit layer from the base. The magnitude of
turbulence can be intensified by the generation of subsequent bubbles. Due to the wiping
action of these bubbles, only a thin fouling layer builds up on the fin sides.

A set of high-speed video recordings were taken to discern the strong effect of bubble
formation mechanisms on fouling of finned tubes which are shown in Figure 4.21.

Figure 4.21a shows two typical pictures of bubble motion on finned and plain tubes for
distilled water at a heat flux of 200 kW/m?. Not surprisingly there are more bubbles on the
finned tube. These bubbles that are originating from the side and bottom part of the finned
tube and generate a higher degree of turbulence than around plain tubes. In addition bubble
growth and detachment sequences on finned tubes during boiling of distilled water at a low
heat flux of 30 kW/m? are shown in Figure 4.21b. A bubble that is nucleated at the base of a

fin grows until it detaches from the fins, generating a drag force in this process.
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finned tube plain tube

(a) Bubble formation mechanisms during boiling for a plain and finned tube at a heat flux
of 200 kW/m?.

bubble nucleation bubble growing bubble detachment

(b) Single bubble growth on a finned tube during boiling at heat flux of 30 kw/m’

Fig. 4.21 Comparison of bubble mechanisms during boiling of distilled water for a plain and a
finned tube
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Fig. 4.22 Pictures of fouled 19 fpi Cu-Ni finned tube for different heat fluxes and a CaSO4
concentration of 1.6 g/L
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Figure 4.22 shows typical pictures of the fouled Cu-Ni tubes for various heat fluxes
ranging from 100 to 300 kW/m?” and a CaSO, concentration of 1.6 g/L, taken at the end of the
fouling tests shown in Figure 4.18. The pictures clearly highlight the effect of heat flux on the
deposit layer of the finned tubes. At a low heat flux of 100 kW/m?, the deposit layer is only
thin and consists of fine particles. It is also very noticeable that most fouling occurs on the

base of the fins i.e., between the fins rather than on the sides of fins.

4.2.2.2 Effect of CaSO4 concentration

Figures 4.23 and 4.24 show the strong influence of calcium sulphate concentration on the
fouling behaviour of the finned Cu-Ni tubes for heat fluxes of 200 and 300 kW/m?,
respectively. For 200 kW/m? and 1.6 g/L concentration, Figure 4.23 shows that the fouling
resistance reaches an asymptotic value after 1200 minutes, while for 1.2 g/L. an asymptotic
value is reached after approximately 300 minutes. Figure 4.24 indicates a similar behaviour

for a heat flux of 300 kW/m?, but with a lower reduction in the asymptotic fouling resistance

of only about 35%.
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Fig. 4.23 Effect of CaSO,4 concentration on the fouling resistance of a finned tube for a heat
flux of 200 kW/m’
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Fig. 4.24 Effect of CaSO,4 concentration on the fouling resistance of a finned tube for a heat
flux of 300 kW/m’

The reduction of CaSQO4 concentration leads to lower supersaturation in the microlayer
beneath bubbles. Consequently the surface reaction rate of calcium sulphate at the heat

transfer surface decreases according to the following equation.
m, =k (C, —C")" (4.4)

where k; is the reaction rate constant, n is the order of the reaction, Cy, 1S concentration
beneath the bubbles and C' is the saturation concentration calculated for the surface
temperature. In addition, the increasing CaSO4 concentration results in a lower heat transfer
coefficient due to changes in the bubble formation mechanism associated with the changing in
physical properties of the solution, particularly the surface tension (Malayeri et al., 2005).
Figure 4.25 depicts typical pictures of the fouled Cu-Ni finned tubes for two different heat
fluxes and concentrations of 1.2 and 1.6 g/LL which were taken at the end of each fouling run
i.e. after 1400 min. The fouling layer for 1.6 g/L is homogenous (mostly on the base surface)
and thicker than that one for 1.2 g/L for both heat fluxes of 200 and 300 kW/m®”. Contrariwise
for 1.2 g/L, the fouled tubes show a scattered and thin deposit layer only on the base surface.
It should be pointed out that the effect of salt concentration is more pronounced for 300

kW/m?, where the tube surface remained almost clean for the lower concentration of 1.2 g/L.
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Fig. 4.25 Effect of CaSO, concentration on the deposit layer on the 19 fpi Cu-Ni tube for heat
fluxes of 300 and 200 kW/m’

4.2.2.3 Effect of fin density

For clean conditions, fin properties such as fin density and fin height play a significant
rule in augmentation of the heat transfer coefficient as long as they can provide wetted
surfaces. As reported above, 19 and 26 fpi (750 and 1026 fins per meter) finned tubes are the
most frequently used types in industrial boiling processes (Trewin, 1992). To study the effect
of fin density under fouling conditions, finned Cu-Ni tubes with 19 and 26 fpi tubes were
used as well as copper tubes with 19 and 40 fpi. Before analyzing the effect of fin density
with fouling, it is first necessary to discern how fin density influences heat transfer under
clean boiling conditions with distilled water as working fluid.

Figure 4.26 shows the clean heat transfer coefficients to boiling distilled water versus the
heat flux for 19 and 26 fpi Cu-Ni tubes as well as 19 and 40 fpi copper tubes. For the Cu-Ni
tubes, the heat transfer coefficients for the 26 fpi tube are only marginally higher than those
for the 19 fpi tube. For the copper tubes, the tube with 40 fpi produces higher heat transfer
coefficients than the 19 fpi tube but not more than 10%.
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Fig. 4.26 Effect of fin density on clean heat transfer coefficient for Cu-Ni 19 and 26 fpi and
Cu 19 and 40 fpi tubes during boiling of distilled water
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Fig. 4.27 Effect of fin density on fouling behaviour of 19 and 26 fpi tubes for a heat flux of

300 kW/m? and a concentration of 1.6 g/L

This implies that fin density has only a minor impact on the thermal performance during

boiling of distilled water within the range of operating conditions investigated in this study.
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Figure 4.27 shows the effect of fin density on the fouling resistance of the 19 and 26 fpi
Cu-Ni tubes for 300 kW/m® and a CaSOy concentration of 1.6 g/L. The presented results
clearly demonstrate the strong effect of fin spacing on fouling, unlike its negligible effect on
clean heat transfer. A reduction of 45% in fouling resistance is noticeable for the 26 fpi tube
over thel9 fpi.

Similarly, Figure 4.28 shows the effect of fin density on the fouling resistance of the 19
and 40 fpi copper tubes for a heat flux of 250 kW/m” and a CaSO4 concentration of 1.6 g/L. It
is obvious that by increasing the fin density from 19 to 40 fpi, a reduction in fouling
resistance of 85% occurred. This figure clearly highlights the effect of fin density on fouling
resistance during all operational times of the test. For instance, the fouling resistance after 20
hours for the 19 fpi tube (6x10° m’K/W) is much higher than the corresponding value
(4.2x10° m*K/W) for the 40 fpi tube.
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Fig. 4.28 Effect of fin density on fouling behaviour of 19 and 40 fpi copper tubes for a heat
flux of 250 kW/m?” and a concentration of 1.6 g/L

There are several hypotheses that may account for such distinctive behaviour under clean
and fouling conditions, i.e.:
e By decreasing the gap between the fins, the shear forces from the detaching bubbles to the
fin areas will increase, enforcing the wiping action of the bubbles and increasing the

deposit removal rate.
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e As the fin density is increased, the remaining area at the fin base is reduced. As stated
before, this is the main area where deposition was found to occur, while hardly or small
amount of fouling remains attached to the fins themselves.

e By increasing the fin density (i.e. area), more nucleation sites are available that may
produce bubbles. This leads invariably to a higher degree of turbulence that would help
increase the removal rate.

e Tentative visual observations using high speed imaging show that as the fin density
increases the bubble size gets smaller and its detachment is faster which in turn increases
the exerted shear force. As a result any scattered and fragile fouling layers between
adjacent fins may be washed away more easily. However more quantitative experimental
results are needed to justify these observations.

e The majority of bubbles is generated in the gap between two fins and smaller bubbles are
generated by decreasing this gap. Smaller bubbles have reduced concentration effect in
the microlayer beneath bubbles.

The effect of fin density on supersaturation of the microlayer will be discussed intensively in

Chapter 5.

Figure 4.29a shows typical pictures of the fouled 19 and 26 fpi Cu-Ni tubes taken at the
end of each test run for the same operating conditions with 300 kW/m?. The 26 fpi finned tube
shows a scattered and even thinner deposit layer than the 19 fpi tube. For both tube types, the
observations also confirm that the deposit layer is somewhat thicker on the bottom of the tube
than on its top. This may be due to the lower surface temperature of the upper side of the tube
as a result of much quicker detachment of bubbles.

Pictures of the fouled 19 and 40 fpi copper tubes for 250 kW/m® and 1.6 g/L are shown in
Figure 4.29b. For the 19 fpi tube, a homogenous and thick fouling layer exists on the base
surface between the fins and a thin layer covered the sides and tips of the fins. Contrariwise,
for the 40 fpi tube a very thin layer occurred on the tip of the fins with few scattered deposits
on the base surface between the fins. For both tube materials, nevertheless, cleaning after
fouling runs revealed that the deposit layer could be removed easily by boiling the fouled

tubes in distilled water.
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Fig. 4.29 Effect of fin density on deposit layer of Cu and Cu-Ni finned tubes for a
concentration of 1.6 g/L

Figures 4.30 and 4.31 are presented to provide more details about the performance of the
finned tubes over the plain tube, as well as about the effect of fin density under fouling
conditions. Data included in both figures have been obtained after 1350 min of experimental
time. At this time, the finned tubes have reached their asymptotic fouling resistances within
the range of investigated heat fluxes. For the plain tube, however, asymptotic fouling
resistances have only been found for a heat flux of 100 kW/m?; and for the higher heat fluxes
the fouling runs were terminated as the surface temperature exceeded its maximum set value.

Figure 4.30 shows for the plain tube a strong reduction of heat transfer coefficient by 50%
and 75% for heat fluxes of 100 and 300 kW/m?, respectively. For the finned tubes, only 2%
reduction of heat transfer coefficient occurred for the low heat flux of 100 kW/m?. For higher
heat fluxes of 200 and 300 kW/m?, the 26 fpi tube experienced the smallest reduction of 15%
and 8%, respectively, while the 19 fpi tube had a still moderate reduction of 25% and 20%,

respectively.
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Fig. 4.30 Relative drop of heat transfer coefficient versus heat flux after 1350 min of
operation for the 19 and 26 fpi Cu-Ni tubes and the plain tube, at a CaSO,4 concentration of
1.6 g/L
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Fig. 4.31 Fouling resistance ratio versus heat flux after 1350 min of operation for the 19 and
26 fpi Cu-Ni tubes for a CaSO4 concentration of 1.6 g/L

Likewise, Figure 4.31 shows the ratio of the fouling resistance of the finned tubes to that

of the plain tube after 1350 minutes of run time, as a function of heat flux for a CaSO,
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concentration of 1.6 g/L. From this figure, the superior performance of the 26 fpi tube as
compared to the 19 fpi tube is evident. The best performance of finned tubes occurs at 100
kW/m® where the fouling resistances for both finned tubes are only 1% of that of the plain
tube under similar operating conditions. The fouling resistance ratio increases as the heat flux
goes up, but still reaches only approximately 9% as its maximum value, which demonstrates
the superiority of finned tubes over plain tubes. Moreover, the performance of the 26 fpi tube

exceeds that of the 19 fpi tube under the same operating conditions.

4.2.2.4 Effect of fin height

Generally speaking, an increase in fin height tends to improve heat transfer due to
increased surface area with the simultaneous decrease in average surface temperature.
Nevertheless, Yau et al. (1985) reported that care must be taken for the fin height to stay
within the optimum values of 1.6 mm for boiling applications to avoid low fin efficiency
(refer to Chapter 2, section 2.2.2).

To investigate the effect of fin height on fouling of finned tubes, two finned copper tubes
with the same fin density of 40 fpi and different fin heights of 1.5 mm and 1 mm were
examined under the same operating conditions. To obtain better insight into the effect of fin
height on the fouling behaviour of finned tubes during boiling, it is essential to investigate at

first the effect of fin height under clean conditions i.e. during boiling of distilled water.
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Fig. 4.32 Effect of fin height on clean heat transfer coefficient for 40 fpi copper tubes during
boiling of distilled water
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Figure 4.32 illustrates how the boiling heat transfer coefficient for distilled water changes
with heat flux for the 40 fpi copper tubes with different fin heights of 1.5 and 1 mm, as well
as for a plain copper tube. For heat fluxes below 150 kW/m?, the heat transfer coefficients for
the tube with a fin height of 1.5 mm are somewhat higher than for a fin height of 1 mm. The
increased total surface area with the associated decrease in surface temperature can be
accounted for this trend. At high heat fluxes the finned tube with high fin height of 1.5 mm
performed only marginally better with respect to the heat transfer coefficient. As elucidated
earlier in the previous section, the reason for this may be the effect of overcrowding with
bubbles at high heat fluxes. The small gaps between the fins restrict the departure of bubbles
and hence the replenishment with liquid, which negatively affects the heat transfer (Ayub,
1986). However, the figure implies the minor impact of the fin height on the thermal
performance during boiling of distilled water at high heat fluxes as investigated in this study.

Figure 4.33 shows the variation of fouling resistance with time for 40 fpi copper tubes
with fin heights of 1.0 and 1.5 mm at 250 kW/m” and a CaSO, concentration of 1.6 g/L.
Unlike the data shown in Figure 4.32 for clean conditions, the curves plotted in Figure 4.33
clearly indicate that different fouling propensities exist for the two 40 fpi tubes. The fouling
runs were continued for more than 10 days to establish the impact of fin height, i.e. to detect if
they may reach their asymptote. It is apparent that the tube with a low fin height of 1 mm
showed a different fouling behaviour than the tube with 1.5 mm fin height. The fouling
behaviour of each tube can be explained by dividing the main fouling curves into sub-fouling
regions presented individually in Figure 4.34:
¢ During the first 9 hrs (Figure 4.34a), the tube with the fin height of 1.5 mm shows a higher

fouling resistance than the tube of 1 mm fin height, for which the fouling resistance

remained close to zero.

e The second region is part of the “linear fouling region” for both tube types as shown in
Figure 4.34b. The fouling resistances for both finned tubes increased linearly, but the low
fin height tube maintains a lower fouling resistance. It should also be pointed out that
during this period small spots of deposit begin to appear on the tube surface of the low fin
height tube. These spots tend to close some of the gaps between fins which caused the
fouling resistance to increase. For the tube with a fin height of 1.5 mm, no spots have been

observed.
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Fig. 4.33 Effect of fin height on fouling behaviour of 40 fpi copper tubes for a heat flux of
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e The third region is the asymptotic fouling region for the tube with 1.5 mm fin height while
the fouling resistance for the tube with 1.0 mm continues to increase linearly. These
different trends can be seen in Figure 4.34c. The fouling resistance of the tube with high
fin height has reached its asymptotic value of 1.88x10° m’K/W. The reason for the
interesting fouling behaviour of the low fin height tube at this time is the increased
number of spotted and blocked area which diminishes the activity of the fins. For the tube
with larger fin height, no blocked areas were observed on the tube surface probably due
the reduced surface temperature along the fin height.

e The last region is part of the “linear fouling region” (Figure 4.34d). For the tube with low
fin height, this region is basically a continuation of the linear fouling region but with

slightly increased slope.

Typical pictures of the fouled tubes taken at the end of each test run have already been
presented in Figure 4.33. For the tube with low fin height the fouling layer blocked the gaps
between fins until it reached the top of the fins. It was also observed during cleaning of this

tube that it was difficult to remove the fouling layer due to its strong adhesion to the fins.

4.2.2.5 Effect of fin material

To investigate the effect of fin material on the fouling of finned tubes, two materials of
copper and copper-nickel tubes were investigated. As stated before, at first the behaviour of
the two tube materials under clean pool boiling conditions is investigated. Figures 4.35 and
4.36 show the variation of clean boiling heat transfer coefficient and wall superheat as a
function of heat flux for both materials with distilled water as working fluid. The two copper
and copper-nickel tubes have the same fin density and fin height of 19 fpi and 1.5 mm. At
heat fluxes below 200 kW/m?, the finned copper tube showed a better performance (in terms
of heat transfer coefficient and wall superheat) compared with the copper nickel tube. At heat
fluxes above 200 kW/m?, no substantial difference in heat transfer coefficient was noticed.

As indicated earlier for plain tubes, the thermo-physical properties, e.g. thermal
conductivity, of the surface material affect nucleate boiling performance. For the finned tubes,
heat is transferred from the base to the fins by conduction and from the fins to the fluid either

by convective boiling or nucleate boiling depending on the heat flux.
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Figure 4.37 compares fouling resistances as a function of time for copper and copper-

nickel tubes at different heat fluxes and a CaSO4 concentration of 1.6g/L. For all heat fluxes

of 100, 200 and 300 kW/m” the finned copper-nickel tubes showed significantly lower fouling

resistances than on the copper tubes.
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Fig. 4.37 Effect of fin material on fouling behaviour of 19 fpi finned tubes at different heat
fluxes and a CaSO4 concentration of 1.6 g/L

Figure 4.38 shows typical pictures of the fouled 19 fpi copper and copper-nickel tubes for
a heat flux of 300 kW/m? and a CaSQ, concentration of 1.6 g/L, taken at the end of the
fouling runs. The finned copper-nickel tube shows a somewhat more scattered and less
homogenous fouling deposit than the copper tube. In addition, the fouling layer is mainly on
the tube base, with only a thin layer on the fin sides but certainly no fouling on the fin tip,

while for the copper tube the fouling layer covered the complete tube surface including fins.

il
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fouled 19 fpi Cu-Ni tube

fouled 19 fpi Cu tube

Fig. 4.38 Effect of fin material on deposit layer on finned tubes for a heat flux of 300 kW/m?
and a concentration of 1.6 g/L

The relative reduction in both, asymptotic fouling resistance Ry, and fouling rate R s

for copper-nickel and copper tubes were calculated using the following equations:
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(4.6)

In these equations, the fouling rates and asymptotic resistances for Cu and Cu-Ni were

drawn from fouling curves shown in Figure 4.37, which are calculated in the same way as

previously described in section 4.1.2.3. The calculated values are presented in Figure 4.39 as a

function of heat flux. Higher reduction in asymptotic fouling resistances as well as in fouling

rates can be seen (for copper-nickel tubes with respect to those for copper tubes) at all

investigated heat fluxes. For instance, for 100 kW/m?, the fouling resistance and fouling rate

for copper-nickel tube was reduced by 97% and 90% with respect to those of copper,

respectively. This can be attributed to 1) the effect of thermal conductivity and 2) the effect of

surface energy of the tube material. In the following sections, these effects are discussed in

more detail.
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4.2.2.5.1 Effect of thermal conductivity of fin material

The temperature gradient across the fin is a prime parameter that may affect the deposition
on the fin. It is dependent on base temperature and fin thermal conductivity. Due to the high
thermal conductivity of copper, the temperature along the fin is closer to its base temperature
than in the case of copper-nickel fin. Thus deposition due to salt supersaturation occurs on the
sides of copper fins, but to a lesser extent on the sides of copper-nickel fins.

To confirm this, the temperature distribution along the fin is calculated for the copper and
copper-nickel tubes for the same clean boiling conditions with 200 kW/m?* by solving the
respective heat transfer equations numerically for the radial fin. The measured values of the
surface temperatures and heat transfer coefficients at the fin base are used for these
calculations. The numerical procedures can be found in detail in Chapter 5. Figure 4.40 shows
the calculated temperature distribution along the fin in terms of fin temperature “T” versus the
distance “x” from the fin base. At the same fin height, the temperature of the copper fin is

significantly higher than that of the copper-nickel fin.
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Fig. 4.40 Effect of fin material on temperature distribution along the fin height during boiling
on 19 fpi tubes in distilled water at a heat flux of 200 kW/m’
4.2.2.5.2 Effect of surface energy

Similar to plain tubes, the surface energy of the heat transfer surface plays a significant
role in foulant adhesion to the surface. The surface energy of the plain Cu-Ni surface was

measured using a Drop Shape Analyser (DSA) at ITW, and found to be 37.7 mN/m which is
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significantly lower than that of Cu (70 mN/m). Consequently, the finned Cu-Ni tubes are
expected to foul less than the finned Cu tubes.

4.2.3 Comparisons between plain and finned tubes

The important feature of finned tubes is their low fouling behaviour in comparison to
plain tubes when subjected to similar operating conditions. As reported by McKetta (1992),
the good performance of finned tubes over plain tubes is not only due to the increased number
of nucleation sites and generated bubbles but also due to the increased surface area.

Figure 4.41 compares the fouling resistance for the finned copper-nickel tube and the
plain stainless steel tube for a CaSO, concentration of 1.6 g/L and heat fluxes of 100 kW/m?,
and 300 kW/m?”. At 300 kW/m?, the finned tube fouling resistance increases slowly with time
until it reaches an asymptotic value of 1x107 m’K/W after about 1200 minutes. For the plain
tube, it increases rapidly until the surface temperature of the heater reaches its maximum
value of 170°C after approximately 950 minutes, after which the power supply was shut-off
with a fouling resistance of 1.57x10* m?K/W. It is evident that the fouling resistance could be

reduced by 95% by using a finned tube instead of a plain one.
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Fig. 4.41 Comparison of fouling resistance for the plain S.S and finned Cu-Ni tubes at 100
and 300 kW/m? for a CaSQy4 concentration of 1.6 g/L

As discussed before, the reason for this attributes to the effect of the generated bubbles on
the finned tube, which provide high shear on the fin sides during their way from the base to
the bulk. The associated effect which is known as “wiping action” of the bubbles may

improve removal of the initial deposits on the fin sides. Furthermore, it was observed that
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bubbles generated on the finned tubes are more spherical with shorter attachment time
compared to those on plain tubes which are generally of elliptical shapes. Accordingly, a
smaller surface temperature gradient (Ts — Ty,) exists for the finned tubes in comparison to
those of plain tubes. In addition, the presence of the fins itself reduces the tube surface
temperature significantly compared with heat transfer from a plain tube. This tends to reduce
the fouling rate due to reduced supersaturation and reaction rate. The shape of fouling
resistance curve for a low heat flux of 100 kW/m? is different to that at a high heat flux of 300
kW/m?, as shown in the same figure. In this case, the fouling resistances for the finned tube
fluctuate approximately around zero. The effect of both low surface temperature and the
aforementioned mechanism of bubble behaviour should account for this trend. Similar

behaviour for the copper finned and plain tubes is demonstrated in Figure 4.42.
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Fig. 4.42 Comparison of fouling resistance for plain and finned Cu tubes at different heat
fluxes and a CaSO, concentration of 1.6 g/L.

Figure 4.43 presents typical pictures of the fouled plain and finned tubes taken at the end
of each fouling run for the same heat flux of 200 kW/m®. The plain tubes show a continuous
and homogenous thick layer of CaSO,4 deposits, while for the finned tubes it was only a thin

deposit layer.
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Fig. 4.43 Pictures of fouled plain and finned tubes at heat flux of 200 kW/m® and a CaSO,
concentration of 1.6 g/L

Figure 4.44 shows the appearance of the plain and finned tubes at the beginning and the
end of a fouling test run with 200 kW/m?” heat flux and 1.6 g/L CaSO, concentration. The
fouling layer on the plain tube can clearly be seen while for the finned tube it is difficult to
see. The presence of the thick fouling layer on the plain tube decreases the nucleation site

density and number of bubbles.

plain tube at time =1600 min finned tube at time =1600 min

Fig. 4.44 Effect of fouling on bubble generation for the plain and finned tubes during boiling
of 1.6 g/l CaSOy solution with a heat flux of 200 kW/m?
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To evaluate the performance of finned tubes over plain tubes under fouling conditions,
two important performance ratios of heat transfer coefficient and fouling resistance were

calculated and shown in Figures 4.45 and 4.46.
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The presented results were taken after 1350 min of experimental time. At this time, the
finned tubes had reached their asymptotic value while for the plain tube, this was only
achieved for 100 kW/m®. For the higher heat fluxes, the plain tube fouling runs were
terminated once the surface temperature exceeded its maximum set value. Figure 4.45 shows
the ratio of fouled to clean (at time zero) heat transfer coefficients (og/a,) for the finned and
the plain tubes as a function of heat flux for a CaSO4 concentration of 1.6 g/L after 1350
minutes of run time. For the plain tube, the heat transfer coefficient is reduced by 50% and
75% for heat fluxes of 100 and 300 kW/m?, respectively. For the finned tube, it was only 2%
and 15% for the same heat fluxes.

Figure 4.46 shows the ratio of the fouling resistance of the finned tube to that of the plain
tube after 1350 minutes of run time as a function of heat flux for two different concentrations
of 1.2 and 1.6 g/L. From this figure, the superior performance of the finned tube as compared
to the plain tube is evident. The best performance of the finned tube occurs at the low heat
flux of 100 kW/m?, where the fouling resistances for the finned tube are only 1% of those of
the plain tube at high and low concentrations. The fouling resistance ratio increases as the
heat flux goes up, but still reaches only approximately 9% which undoubtedly demonstrates
the superiority of finned tubes over plain tubes.

The better fouling performance of finned tube over plain tubes can be related to:

1. The lower surface temperature provided by the extended surface of the fins. For
instance at a heat flux of 300 kW/m® during boiling of distilled water, the finned tubes
showed a reduction in superheat (at fin base) by 2K over the plain tube. This reduces
the main driving forces of crystallization fouling, namely the supersaturation and
kinetics.

2. Bubble growth and detachment on the finned tubes differ substantially from plain
tubes. Due to the larger number of nucleation sites, more bubbles are generated from
fin areas leading to a higher degree of turbulence which improves removal of the
initial crystals from the surface.

3. The wiping action of bubbles growing at the base of the fins and moving along the fin
surfaces.

4. The fins themselves can be considered as knife edges which inhibit the formation of a
continuous and strongly attached fouling layer, hence promoting a scattered deposit
pattern which is more susceptible to removal by shear forces.

5. The thermal expansion and contraction of the fins during operation create a natural

“self cleaning effect” which can break the fouling layer.
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4.2.4 Reproducibility of fouling runs and cleanability of the finned tubes
Reproducibility of the experimental fouling results under the same operating conditions is
an important parameter to ascertain the fouling behaviour of the heat transfer surfaces. To
evaluate the reproducibility of fouling on finned tubes, each experiment was repeated twice
for the same operating conditions. Figure 4.47 shows the two sets of experiments with finned
tubes for both 200 and 300 kW/m? and a CaSOy4 concentration of 1.6 g/L. It can be seen from
this figure that both fouling trials approximately provide the same order of magnitude of
fouling resistances and identical fouling trends. This confirms the consistency of the fouling

runs.

(1) v Finned tube 1st run Cu-Ni tube
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Fig. 4.47 Reproducibility of finned tube experiments for heat fluxes of 300 and 200 kW/m?
and a CaSO; concentration of 1.6 g/L

Each industrial heat exchanger must be cleaned after a certain period of operation. Thus it
is important to study the effectiveness of cleaning; i.e. the heat exchanger performance after
cleaning. To study the cleanability of the test tubes, the fouled finned tube was cleaned by
removing the fouling deposits from it and re-investigating it under identical operating
conditions. The cleaning procedures were carried out by 1) boiling the fouled tube in a dilute
solution of 0.05 citric acid to make the deposits more fragile; ii) removing the fragile fouling

layer from the base surface between fins using a plastic brush; and iii) cleaning the tube using
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acetone, then re-boiling it in distilled water to wash away any remaining acetone and other
small particles between fins. For all the investigated finned tubes, the above cleaning
procedure worked out well except for the low fin height, 40 fpi tube. For this tube the normal
plastic brush was not sufficient to remove the deposit layer completely from the base surface
between fins due to the substantially stronger deposit adhesion to the surface. Instead, a
metallic brush was used to remove the remaining deposits. Nevertheless, care was taken to
prevent scratching of the fins since this may affect the tube fouling behaviour. The cleaned
finned tubes, except those of 40 fpi, are then re-installed for fouling tests under identical

operation conditions to investigate the cleanability of these tubes.
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Fig. 4.48 Cleanability of the finned Cu-Ni tube (19 fpi) for 200 kW/m? and 1.6 g/L

Figure 4.48 shows the cleanability of the 19 fpi tube in terms of heat transfer coefficient
versus time for a heat flux of 200 kW/m* and a CaSO, concentration of 1.6 g/L. The heat
transfer coefficient has a similar behaviour for the first and the 2nd test. However, the initial
and final heat transfer coefficients for the first run are 22.37 and 16.95 kW/m?K , respectively.
After cleaning, these values are reduced for the second and third tests as indicated in Figure
4.48. For instance, the reduction in initial heat transfer coefficients after the first and second

cleaning are 9% and 13% respectively.
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4.3 Modified finned tubes (Turbo-B)

By mechanical deformation of low finned tubes, it is possible to manufacture a high
density of re-entrant cavities, which can potentially increase heat transfer significantly. One of
these tube types is the “Turbo-B” tube made by Wolverine Tube Inc. Pictures of the copper
Turbo-B tube are shown in Figure 4.49a.

(a) photograph of Turbo-B tube

(b) top view for Turbo-B tube (c) photograph of the channels

Fig. 4.49 Typical pictures for the Wolverine copper Turbo-B tube

As can be seen, the low fins have been cut longitudinally and then rolled to form
mushroom-like pedestals. Re-entrant passageways are thus formed in a rectangular crosshatch
pattern. The shape of the fins, when viewed from above, is close to rectangular as shown in
Figure 4.49b and c.

This special exterior geometry increases the number of nucleation sites. Turbo-B tubes are
shown to have up to three-fold increase in heat transfer performance over finned tubes
(Thome, 2005 ). Such tubes are presently produced from copper, copper-nickel and low-

carbon steel.

4.3.1 Turbo-B clean boiling performance

The investigated Turbo-B tube is made of copper by modifying the exterior surface of an
original 40 fpi copper tube with a fin height of 1.5 mm. The final manufactured Turbo-B tube
has the same fin density of 40 fpi and finished fin height of 1 mm. The reduction in fin height
is due to the rolling and bending processes (Wolverine Tube, 2004). Figure 4.50 presents the
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clean pool boiling heat transfer coefficients versus heat flux for the Turbo-B tube, as well as
for the 40 fpi and plain copper tubes for the sake of comparison. The experiments were
carried out with decreasing heat flux from a maximum value of 300 kW/m? to the minimum

possible value.

w
o

e Turbo-B copper tube °
1| ® 40 fpi copper tube
-A- Plain copper tube

N
(63}
1

Clean heat transfer coefficient, kW/m?K
> S
1 1
[ ]
[ ] [ ]

A
10 °
° A/
[ ]
5 A/
1, e
-A-A/
Distilled water I
0 T T T T T T T T T T T T

0 50 100 150 200 250 300

Heat flux, kW/m?

Fig. 4.50 Heat transfer coefficients on Turbo-B, 40 fpi and plain copper tubes for pool boiling
of distilled water

The Turbo-B tube exhibited superior heat transfer coefficients for all heat fluxes
compared with the plain tube and the original 40 fpi tube. At 250 kW/m?, the Turbo-B shows
an enhancement ratio (Cwrbo/Oplain) Of 1.4 and for 50 kW/m? an enhancement ratio of 2.3.
Subsequent observations were made to investigate the reasons for the superiority of the

Turbo-B tube design.

Plain copper tube Turbo-B copper tube

Fig. 4.51 Bubble formation during boiling of distilled water on a Turbo-B and a plain copper
tube at a heat flux of 50 kW/m®
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Figure 4.51 shows two pictures of bubbles generated on the Turbo-B and plain tubes
during boiling of distilled water at 50 kW/m”. It can be seen that the surface of the Turbo-B
tube is covered by a much larger number of bubbles than the plain tube.

Furthermore, a large number of bubbles were observed at the bottom of the tube that
swept upward along the circumference after detachment. These bubbles moved on both sides
of the tube. Further bubbles were observed to depart from the channels on both sides as well
as from the top of the tube. In summary, the superior thermal performance of the Turbo-B
tube over the plain tube can be related to:

1. The special geometry and structure of the Turbo-B tube which increases the number of
nucleation sites so that more bubbles are formed on the surface. Additionally, the
longitudinal cutting of the fins provides a high degree of turbulence which enhances
the heat removal.

2. The existence of a high number of re-entrant cavities between fins improves the
generation of bubbles at lower wall superheats i.e. lower heat fluxes.

3. The generated vapour bubbles in the re-entrant cavities move upward due to buoyancy
forces. As these bubbles travel upward around the tube, they can further assist the
removal of larger bubbles from the cavities. This phenomenon is generally referred as
“bubble chimney effect” in which during the movement of a set of bubbles the exerted
force may help to inject more bubbles to move with them. (Pulido, 1984; Eraydin,
1990).

4. The increased surface area provided by the Turbo-B structure (0.2 m?/m) compared

with that of the plain tube (0.06 m*/m) increases the heat transfer performance.

4.3.2 Fouling of Turbo-B tube

Fouling experiments for this tube type were carried out at different heat fluxes for a
calcium sulphate saturation concentration of 1.6 g/L. Figure 4.52 illustrates how the fouling
resistance varies as a function of time for two heat fluxes of 50 and 250 kW/m®. As shown in
this figure, the two experiments were continued for 5 and 9 days, respectively. Evidently,
much of the fouling occurred during the first 20 hours for both heat fluxes. During this period
of time the Turbo-B tube exhibited the same fouling behaviour for both heat fluxes.

The fouling curve for the low heat flux reached an average asymptotic fouling resistance

of 8x10°° m*K/W after 30 hrs, and then remained constant until the end of the experiment. For
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250 kW/m®, however, an asymptotic value of 1.35x10” m’K/W was reached after an

operational time of 130 hrs, which subsequently remained constant for more than 60 hrs.
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Fig. 4.52 Fouling resistance of Turbo-B copper tube versus time for two heat fluxes and a
CaSOg concentration of 1.6 g/L

In addition, visual observations of the bubble behaviour were recorded to discern potential
effects of fouling.

Figure 4.53 shows typical high speed video recordings of bubble motion on the Turbo-B
tube during the fouling experiment with a heat flux of 50 kW/m? and a CaSO, concentration
of 1.6 g/L. These videos were taken at the beginning of the experiment, after one day and
after 5 days, respectively. It is obvious that no significant change in the number and size of
the bubbles occurred during the fouling experiment. It can also be postulated that bubbles
originating from the bottom of the tube move along both sides of the tube and may sweep way
any frail deposit from the surface. Accordingly, no fouling layer or even single crystals were

observed during the experiment.
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(c) at the end of the experiment (5days)

Fig. 4.53 Effect of fouling on bubble behaviour for the Turbo-B tube during boiling of 1.6 g/L
CaSQy solution with a heat flux of 50 kW/m?

Fouled Turbo-B tube for 250 kW/m® Fouled Turbo-B tube for 50 kW/m®
Fig. 4.54 Fouled Turbo-B tubes for 250 and 50 kW/m” and a concentration of 1.6 g/L

More visual observations were made at the end of fouling runs, which are presented in
Figure 4.54 for heat fluxes of 50 and 250 kW/m?”. Overall a very thin layer of deposit was

noticeable on the outer surface of the tubes. No fouling was observed inside the tube cavities
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or between the fins. Finally, the removal of this frail fouling layer was straightforward with

no need for chemicals at all. Instead, wiping the surface with a piece of cloth was sufficient.
Overall, the low-fouling behaviour of Turbo-B tubes can be explained as follows:

e Bubbles that originate from the bottom of the tube slide along the sides of the tube and
coalesce to form larger bubbles. During the motion of these bubbles, a high degree of
turbulence is created which assists removal of deposits from the tube surface.

e The ejected bubbles departing from the re-entrant cavities produce turbulence and eddies
inside the cavity itself which remove deposition from the inside of cavities.

e As shown in Figure 4.55, liquid enters the cavity from the sides of the cavity mouth
producing vapour bubbles. The continuous inflow process can help to remove any scale

from the inside of the cavity i.e. enhance the low-fouling process inside the cavities.

liquid
vapour
bubble
liquid in liquid in
™~ iquid film

7 A ’I/

Va
Fig. 4.55 Schematic representation of the inside of a boiling cavity (Ayub and Bergles, 1988)

4.3.3 Reproducibility of experiments and cleanability of the Turbo-B tube

Similar to section 4.2.4 concerning the reproducibility and cleanability of the fouling runs,
some experiments were also repeated for the Turbo-B tubes. Figure 4.56 shows the fouling
resistances as a function of time for fouled Turbo-B tubes at 250 kW/m’ and a CaSOy,
concentration of 1.6 g/L. Obviously both fouling trials have approximately the same fouling
trend and values of fouling resistance. This may be related to the minimal fouling propensity
of the Turbo-B tubes where deposition occurred on the exterior surface only while the cavities
remained clean.

To study the cleanability of the Turbo-B tube, the fouled tubes were cleaned by the same
method that was already used for the finned tubes (see section 4.2.4). The cleaned tubes were

then re-examined under the same operation conditions.
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Fig. 4.56 Reproducibility of the Turbo-B copper tube for 250 kW/m? and a concentration of
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Fig. 4.57 Cleanability of the Turbo-B tube for a heat flux of 250 kW/m? and a CaSOs
concentration of 1.6 g/L

Figure 4.57 shows the cleanability of the Turbo-B tube in terms of heat transfer coefficient
versus time at 250 kW/m? heat flux and a CaSOy4 concentration of 1.6 g/L. Unlike for the
investigated finned tubes, the same qualitative and almost quantitative results were obtained
for both trials. The reduction in heat transfer coefficient after cleaning was calculated for the
beginning and for the end of each run, and was found to be 7% and 4.5%, respectively. This

demonstrates better cleaning performance than for plain and finned tubes.
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4.3.4 Comparison between Turbo-B and low finned tubes

The presence of cavities on Turbo-B tubes increases the number of nucleation sites and
the degree of turbulence created by bubbles which improves heat transfer coefficients by up to
three times over those for plain tubes on the same tube material. As the Turbo-B tube is
manufactured from low finned tubing by modifying its shape, it is essential to compare both

under clean and fouling boiling conditions.

4.3.4.1 Heat transfer to distilled water

Figures 4.58 and 4.59 represent the clean boiling curves in terms of heat transfer
coefficient versus heat flux and heat flux versus wall superheat for all investigated copper
tubes during boiling of distilled water. The Turbo-B tube performs much better than the
finned tubes for the entire domain of heat fluxes. In Figure 4.59, the Turbo-B tube exhibited
the lowest wall superheat for any given heat flux. For instances, the values of the wall
superheat at a heat flux of 200 kW/m® are 7.8 K, 10.1 K, and 11 K for the Turbo-B tube, 40
fpi finned tube and 19 fpi finned tube, respectively.
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Fig. 4.58 Heat transfer coefficient versus heat flux for various copper tubes during boiling of
distilled water
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Fig. 4.59 Heat flux versus wall superheat for various copper tubes during boiling of distilled

water
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Fig. 4.60 Enhancement ratios versus heat flux for structured tubes during boiling of distilled

water at atmospheric pressure

The enhancement ratio (heat transfer coefficient of enhanced tube to that of the plain tube)

was calculated and presented in Figure 4.60 to improve assessment of the various tube types.

The Turbo-B tube shows significantly higher enhancement ratio than the finned tubes for the

same heat flux. With increasing heat flux, all enhancement ratios are reduced because the
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generation of more bubbles at higher heat fluxes will not notably improve the agitation of the
thermal boundary layer. However, even at high heat fluxes above 200 kW/m?, the Turbo-B
tube still performs significantly better than the finned tubes.

(c) Plain tube

Fig. 4.61 Bubble behaviour during boiling of distilled water at 50 kW/m” for the Turbo-B tube
and for plain and 19 fpi tubes

Heat transfer from the Turbo-B tube is not only enhanced by the higher number of
bubbles, but also by bubble behaviour i.e. shape, size and motion. Figure 4.61 presents a
typical high speed video recording of bubbles on the Turbo-B tube, compared with that for
finned and plain tubes. For the Turbo-B tube, bubbles are mostly smaller and
circumferentially distributed along the tube. Contrariwise, only a few bubbles appeared on the
top of the plain and finned tubes. Such circumferential motion of the bubbles may create a

high degree of turbulence which enhances the heat transfer performance of the Turbo-B tubes.
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4.3.4.2 Fouling from saturated CaSQO4solution
Figure 4.62 shows the fouling tendencies for the Turbo-B and 40 fpi tubes for a heat flux
of 250 kW/m” and a CaSOy concentration of 1.6 g/L. The fouling resistance for the Turbo-B

tube increases rapidly until it reaches an asymptotic value of 1.4x10™ m*K/W.
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Fig. 4.62 Comparison of fouling resistance for Turbo-B tube and two 40 fpi finned tubes at a
heat flux of 250 kW/m? and a CaSOQ, concentration of 1.6 g/L
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Fig. 4.63 Comparison of fouling resistance for Turbo-B tube and 19 and 40 fpi tubes for heat
flux of 250 kW/m? and a CaSO4 concentration of 1.6 g/L
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For the 40 fpi tube with 1.5 mm fin height, the fouling resistance also increases with time
until it reaches an asymptotic value of 1.9x10° m’K/W, which is higher than that of the
Turbo-B tube. The 40 fpi tube with 1 mm fin height showed a different fouling behaviour
than the other tubes, in which the fouling curve increased almost linearly due to the presence
of fouling spots which block the gaps between the fins as already explained previously in
section 4.2.2.4. Furthermore, Figure 4.63 shows the fouling resistance during the first 24 hrs
for the Turbo-B tube compared with those for the low fin density tube of 19 fpi. This figure
demonstrates the reduced fouling behaviour for the Turbo-B tube and the 40 fpi tubes over the
low fin density tube with 19 fpi

Even though the structure of deposit layers has been discussed for each individual tube
before, a cumulative comparison for some tubes is presented in Figure 4.64. A picture of the
removed deposits is also shown on the right side of each tube. The Turbo-B tube had a frail
and very thin deposit which occurred only on the outside surface of the tube. The 19 fpi
finned tube showed a ring—shaped fouling layer between fins as well as some deposition at the
fin side. Fore the plain tube, a very dense, thick and uniform fouling layer covers the complete

tube outside.

fouled Turbo-B copper tube and removed deposits

Fig. 4.64 Comparison of deposit layer on different tubes for a heat flux of 250 kW/m” and a
CaSQy4 concentration of 1.6 g/L.
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Similar to section 4.2.3, Figure 4.65 shows two performance ratios of fouling resistance
and heat transfer coefficient for the various structured copper tubes for a heat flux of 250
kW/m?® and a CaSOy concentration of 1.6 g/L. Data plotted in this figure were obtained when
the fouling resistance reached its asymptotic value for each tube type except for 19 fpi and 40
fpi (1 mm fin height) finned tubes where it was increasing continuously. For these two tubes,
data were instead taken at the end of the fouling runs after 24 and 230 hrs for 19 fpi and 40 fpi
tubes, respectively. It can be seen that the Turbo-B tube showed the highest (a¢/a,) ratio of
0.77 while the 19 fpi tube showed the lowest one of 0.44. In other words, a reduction in heat
transfer coefficient by 56% could occur for the 19 fpi tube, while for the Turbo-B tube this
was only 22%. The Turbo-B tube showed the smallest fouling resistance ratio of all enhanced
tubes. The superior performance of the Turbo-B tubes compared to those of finned tubes is

evident.
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Fig. 4.65 Comparison of thermal performance for different structured copper tubes at a heat
flux of 250 kW/m? and a CaSOg4 concentration of 1.6 g/L
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CHAPTER §
THEORETICAL STUDY

Chapter 4 presented experimental results on the utilization of various structured tubes that
may potentially enhance boiling heat transfer under clean conditions and with reduced
fouling. However, there is no sound model in the open literature to predict fouling of
structured tubes. To improve this deficiency, the following chapter proposes a new fouling
model for both plain and finned tubes. To achieve this, it is firstly necessary to analyse the
behaviour of structured surfaces under clean conditions and then when deposition occurs.
Thus the following theoretical studies are conducted in tandem:

e A model for the clean nucleate pool boiling heat transfer of structured surfaces for
distilled water and CaSQ;, solutions.

e Development of a rigorous fouling model that is applicable for both plain and structured
surfaces.

e A mathematical model to describe the effect of fouling on the thermal performance of the

investigated structured surfaces.

5.1 New correlation for boiling heat transfer coefficients on structured surfaces

Chapter 2 outlines several correlations for the prediction of heat transfer coefficients
during pool boiling of various fluids on plain surfaces. If one of these correlations could be
modified to include structured surfaces, the clean boiling heat transfer coefficient for these
surfaces could be easily predicted. Therefore, a correlation for the prediction of heat transfer
coefficients for the structured surfaces will be developed at first. The correlation will act as
baseline for the latter development of a fouling model.

The Gorenflo correlation (see Equation 2.19 in Chapter 2) is one of the most widely
quoted and well-established correlations for pool boiling. Thus it was modified for application
for structured tubes. The main advantages of Gorenflo correlation over the other pool boiling
correlations presented in chapter 2 are that:

1. it includes the dominant parameters such as heat flux, operating pressure and the

characteristics of the boiling surface and materials in a non-dimensional form;

2. it can also be used to predict the clean heat transfer coefficient of the aqueous

solutions such as aqueous CaSOj solution. In this case, Gorenflo (2006) suggested
either calculating the reference heat transfer coefficient o, using Stephan and

PreuBler’s correlation (1979) or specific measurements.
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5.1.1 Modified Gorenflo correlation for structured surfaces

The modified Gorenflo correlation should generally meet two criteria by considering the
geometric effects of structured tubes and predicting heat transfer coefficients for water and
aqueous CaSQy solutions. As the superiority of structured surfaces over the plain tubes is at
least partly due to the increased wetted heat transfer surface area and the higher bubble
generation, a new geometrical factor “F,” can be added to the Gorenflo correlation as the

ratio between the structured surface area and the base surface area:

A
F = finned (5 1 )

g
smooth

Afinnea and Ap14in can be calculated as a function of tube geometrical parameters as follows:

Ays =7 D,L(1- Ns f)+%NL(Dj —D})+ 7z NLD,s, (5.2)

A

smooth

—7D,L (5.3)

Referring to the original Gorenflo correlation (see Equation 2.19), the exponent n(p;) in
case of structured surfaces should be lower than that for plain surfaces due to the partial
blockage of the heat transfer area by the growing and ascending bubbles. Accordingly, the

proposed modified Gorenflo correlation can be expressed as:

a R (pokc))

‘ [n(pr)] i 025
G [ij . F(p»[ R“] [ £ ] (F.) (54)
0 0 0 »)o
where F(p,) and n(p,) follow the original Gorenflo expressions. Exponents “a” and “b” of the
geometrical factor “F,” in Equation (5.4) are empirical constants and can be obtained through
curve-fitting of experimental results. Referring to Figure 3.5 in which the geometry of the
finned tube is defined, Table 5.1 details the calculated geometrical factors F, as well as the
geometrical parameters for all investigated finned tubes. The fin density N in Equation (5.2) is

in fins per meter (fpm).
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Table 5.1 Calculated geometrical factor F, for different structured tubes

Tube parameter Plain 19 pi 26 fpi 40 fpi
Tube length (L), mm 100 100 100 100
Fin density (N), fpi/fpm - 19/748 26/1024 40/1575
Fin pitch, (m), mm - 1.35 1 0.64
Fin height (h), mm - 1.5 1.5 1.5
Mean fin thickness (sf), mm - 0.3 0.3 0.3
Fin base diameter (Dy), mm - 15.9 15.9 15.9
Outside diameter (D,), mm 18.9 18.9 18.9 18.9
Area per unit length, m*/m 0.06 0.18 0.22 0.31
Geometrical factor (F,) 1 2.94 3.72 5.27

Using the calculated geometrical factors for the investigated structured tubes shown in Table

5.1, the curve-fitting of the experimental data produced the values of 0.2 and 0.38 for

exponents “a” and “b”, respectively. With this, the modified Gorenflo correlation reads:

e

R

o

(il

(pke,),

(5.5)

Figures 5.1 to 5.4 compare the predicted and experimental results for various tubes during
pool boiling of distilled water and calcium sulphate solution. The reference heat transfer
coefficient a, for distilled water is 6400 W/m?K. For CaSOQy solution, a value of o, = 4900
W/m?K was used (Jamialahmadi and Miiller-Steinhagen, 2004; Najibi, 1997).
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Fig. 5.1 Experimental and predicted heat transfer coefficients versus heat flux for pool boiling
of distilled water and 1.6 g/LL CaSOj4 solution on a plain copper tube
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Fig. 5.2 Experimental and predicted heat transfer coefficients versus heat flux for pool boiling
of distilled water and 1.6 g/L CaSOj solution on 19 fpi copper tube
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Fig. 5.3 Experimental and predicted heat transfer coefficients versus heat flux for pool boiling
of distilled water and 1.6 g/LL CaSQO4 solution on 40 fpi copper tube
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Fig. 5.4 Comparison of experimental and predicted heat transfer coefficients for pool boiling
of distilled water and 1.6 g/LL CaSOj4 solution on plain and finned copper tubes

5.2 Modelling of CaSO4 deposition on finned tubes during pool boiling
Experimental results presented in chapter 4 showed that for the finned tubes fouling

mainly occurs and develops on the base tube between fins while only a very thin fouling layer
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occurred on the fin sides and tip. Whatever the extent of deposition on the fin sides and tip
would be, it is nevertheless important to include this effect in the new model. Figure 5.5

shows the actual and the approximated CaSO, fouling layer that may occur on finned tubes.

(a) Actual CaSOy fouling layer (b) Approximated CaSO4 fouling layer

«— b —

Fig. 5.5 Actual and approximated fouling layer occurring on finned tube during boiling of
CaSOQy solution

In Figure 5.5a, the actual fouling layer deposited between fins is considerably thicker than
that found on the fin surfaces (as found experimentally in the previous chapter, in particular
for structured Cu-Ni tubes). This fouling layer can be approximated as shown in Figure 5.5b.
It is therefore assumed that the fouling layer of the finned tube develops only in radial
direction on the base tube with an equivalent effective radius “res’. As shown in this figure,
“r” is the actual radius of the fouling layer, “resf” is the effective radius of the equivalent
fouling layer and r; is the radius of the finned tube at the base of the fins.

Fouling, in principle, is the net result of two competing processes i.e. the deposition and
removal process:

m,,, =m,—1m (5.6)

net r

Accordingly, for the prediction of fouling, the deposition and removal rates have to be
predicted. The radius of fouling layer “rs” (Figure 5.5) which represents the extent of
deposition also increases with time. Thus, for the development of the new fouling model, it is

essential to determine “r.¢f” as a function of deposition and removal rates.
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5.2.1 Kinetics of deposition process
The deposition of calcium sulphate on heat transfer surfaces can be expressed by the

following chemical reaction

Ca™ + S04 — CaSO,

As indicated in Figure 5.6, the concentration of CaSO, beneath the growing bubbles

increases during nucleate boiling conditions, due to the rapid evaporation of the microlayer.

C, (bulk)

vapour bubble Cyb (in microlayer)

T . 7\ /KA/C* (at surface)
S

surface Sl T
Fig. 5.6 Evaporation of microlayer beneath bubbles

Najibi (1997) reported that for nucleate pool boiling the deposition of CaSQy is a second
order reaction rate due to the high level of turbulence created by the departure of the vapour

bubbles and the rapid evaporation beneath bubbles

2

i, =k, (ACY =k, (C,, - C") (5.7)

where Cyp, is the concentration of calcium sulphate beneath the bubbles and the C" is the
saturation concentration at the surface temperature. It was also found previously that most of
the deposited calcium sulphate during pool boiling was hemihydrate (Bartlett, 1995; Islam,
1972; Jamialahmadi and Miiller-Steinhagen, 2004). The saturation concentration C" of
calcium sulphate hemihydrate can be calculated for the surface temperature T using the

following equation (Smith, 1965).

1414.9
T./K

s

C*
lo — |=-3.562 + 5.8
glo[g/Lj (5.8)

where T is the surface temperature in Kelvin. The surface reaction rate constant “k,.” in

Equation (5.7) is assumed to follow an Arrhenius relationship

-E
k., =k,e Vhr (5.9)



Theoretical Study 96

where “k,” is the Arrhenius constant and “E” is the activation energy. Substituting Equation

(5.9) into Equation (5.7) yields

-E
i, =ke ", —C'f (5.10)
“k,” and “E” can be determined from experimental data by calculating the initial fouling rate

dR, .
= from the fouling curve. Then,
t

Ink =Ink, ——— (5.11)
RT

By plotting In(k;) versus 1/Ts, both the activation energy “E” and the coefficient “k,” can be

obtained.

5.2.1.1 Calculation of the concentration beneath bubbles “C,”

Vapour bubbles, as depicted in Figure (5.7), are assumed to be spherical with a radius “R”
that is generated during the evaporation of a microlayer with a thickness “8”. The mass of
liquid “M,,;” (at bulk temperature) that exists in the microlayer control volume “2R-2R-5”

under the bubble can be calculated from

M, =4R’S p, (5.12)

where “R” is the bubble radius, d is the thickness of microlayer, and pr is the density of the

liquid at saturation conditions.
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Fig. 5.7 Generated bubble and microlayer
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The mass of vapour M,; which evaporated from the microlayer to fill the bubble relates to

the mass in the spherical bubble thus:

M, =§nR3pg (5.13)

where, p, is the density of saturated vapour. By applying a mass balance, the mass of

saturated liquid M,,, that remains in the microlayer after evaporation is

M,,=M, —-M, =4R*5p, —gz Rp, (5.14)

which gives the concentration ratio as:

C, M, _ _1(5) Py (5.15)
Cbb Mw1 3\o pf

Equation (5.15) predicts the concentration ratio [&] as a function of bubble radius R,

bb

microlayer thickness 6 and the densities of saturated liquid and vapour. For finned tubes,
spherical bubbles are mostly generated on the base of fins and develop in the space between
the fins (see Figure 4.21 in the previous chapter). The maximum diameter of the bubbles is
therefore assumed to be equal to the distance between each two fins (Westwater, 1973). For
plain tubes, the maximum diameter of the bubbles was found to be around 3 mm as reported
by Jamialahmadi et al. (1989). An average microlayer thickness 6 of 2 pm was reported by
Moore and Mesler (1961), and Hospeti and Mesler (1965, 1969) for nucleate boiling of water
and radioactive calcium sulphate solutions with different heat fluxes. The liquid and vapour
densities pr and p, in Equation (5.15) are taken at saturation temperature, i.e. at T, = 100°C in
which ps= 960 kg/m’ and pe=0.6 kg/m’® .

Substituting with these values into Equation (5.15), Figure 5.8 shows the predicted

concentration ratio (ij for various bubble diameters. It is evident that the concentration

b
ratio increases with increasing bubble diameter “2R”. Referring to Figure 5.8, for a plain tube
(3mm bubble diameter), the concentration beneath bubbles Cy, is 1.9 times the bulk
concentration Cp. For 19 fpi finned tube (1mm bubble diameter), this value of Cy, reduced to
1.2 times Cp. However, this figure clearly highlights the effect of bubble diameter, i.e. fin

density on the concentration beneath bubbles.
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Fig. 5.8 Effect of bubble diameter on bulk concentration beneath bubble
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Fig. 5.9 Arrhenius dependence of reaction rate for CaSO, formation at surface temperature
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Once the concentration beneath bubbles is calculated, then the reaction rate constant and
the activation energy can be calculated as well by plotting Equation (5.11) using the

Arrhenius relation shown in Figure 5.9.

5.2.1.2 Calculation of the deposit radius “res”
For finned tubes with “N” fpi and a length of L, the cross-section of the deposited fouling

layer with an inside radius r; and an outside effective radius res is schematically shown in

Figure 5.10.

5
LS hre
X232 5
e o
e

Fig. 5.10 Deposit layer on the tube surface

Assuming a homogenous fouling layer, the deposit mass per unit area “m’ can be written

as:

z(r: —r L
= e =1L Py (5.16)
Ab

where p,is the density of the deposit and L" is the effective deposition length which is

calculated as:

L'=L(1-N.s,,) (5.17)

where sg, 1S the mean fin thickness. The effective base tube area A: is calculated based on the

effective deposition length L” as follows:

A, =271, L* (5.18)
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As the deposit layer grows with time, so does the deposit radius re¢r thus:

R, (1) ry () -, (5.19)

To predict the change of fouling resistance with time, it is necessary to calculate the variation

dreff ’
dt

which can be rewritten as:

dreﬂ dm dreﬂ

5.20
dt  dt dm (520

The change in the deposited mass per unit area “dm” due to the change in the deposit

radius by “dres” is

2z v, Ldr,
dm =2~ Doy Pa (5.21)
Ab
thus
d *
oy A (5.22)

dm 27zreﬁ»L* oy

And for the case of no removal rate

dm

i 5.23
dt =my ( )

The case where removal rate is considered will be presented in section 5.2.2.2 on page 104.

Substituting Equations (5.22) and (5.23) into (5.20) yields:

d * .
Ty _ Ay (5.24)
dt 27zreﬁ,L yo¥
Which can be rearranged as:
Ay
2r .dr, =—2—<dt 5.25
iy = (5.25)

lf] t A
jz gy = [ 1 gy (5.26)
2 7L p,
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Then
Ay it
7’;7 _riz _ bind (5.27)
or
At
ry (0= [ (5.28)
’ 7L p,

Equation (5.28) predicts the effective deposition radius rer as a function of time for the case of

no removal rate.

5.2.2 Prediction of fouling resistance
Once the deposit radius is predicted using Equation (5.28), the fouling resistance R can

also be calculated.

5.2.2.1 Case 1: no removal rate

Assuming constant values for deposit thermal conductivity kq and deposit density p, , the

fouling resistance caused by the deposited mass per unit area “m” can be written as a function

of time as:
m(t

Rf(t) = () (5.29)
Pk,

Substituting with the value of “m” from Equation (5.16) in (5.29) gives rise to:

7L py(ry () =177)

R, (1)= 2o, L pok, (5.30)
or
R, (o= LrD=n) (531)

2, Ok,

Substituting the value of (r;(f — rl.z ) from (5.27) into (5.31) yields
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(5.32)

and finally

Ayt

R, (t)= (5.33)

2, \[TL p\ iyt + 7L 1

Equation (5.33) predicts the fouling resistance as a function of time assuming that no
removal rate occurs. In Equation (5.33) the values of thermal conductivity kg and density pg
for the deposition of CaSO4 under nucleate pool boiling were taken as 2.23 W/mK and 2165
kg/m®, respectively as reported by Najibi et al. (1998) and Jamialahmadi and Miiller-
Steinhagen (2004). Referring to Figure 5.9, the values of activation energy E and the

Arrhenius constant k, that are used to calculate deposition rate 1, are 112421.9 J/mol and

7.8x10', respectively.

Figures 5.11 and 5.12 compare the predicted fouling resistances with experimental results
for the plain tube with two different heat fluxes of 100 and 300 kW/mz, and a CaSOq,
concentration of 1.6 g/L. It can be seen from the figures that plain tube fouling resistances can

be predicted with a good agreement.

3.0E-04

e data
2.5E-04

——model

2.0E-04 -

0 250 500 750 1000 1250 1500
time, min

Fig. 5.11 Comparison of experimental and predicted R¢ values for plain copper tube, a heat
flux of 100 kW/m? and 1.6 g/L. CaSO,4 concentration
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Fig. 5.12 Comparison of experimental and predicted Ry values for plain copper tube, 300
kW/m? heat flux and 1.6 g/L CaSOy4 concentration

Figure 5.13 compares the predicted fouling resistance according to Equation (5.33) with
experimental data for the 19 fpi copper tube at 100 kW/m’ heat flux and a CaSO,
concentration of 1.6 g/L. In addition, the fouling models published by Najibi et al. (1998) and
Behbahani et al. (2007), i.e. Equations (5.34) and (5.35), are also presented in the same figure

for the sake of comparison.

[R (t)] = 1 ) (mAB)dt\/ﬂ-L—pd 539
N Ingjivi 2rlp,k, \/ﬂ'L pdl’h2+(mAB)d

1y + b\ Causo, ), = Ceuso,
[Rf(t)]Behhahani - ;_Zln d (( < Srh)bb CasO )Z

(5.35)

As expected, this figure shows that neither the present model nor the previous models can
predict the fouling resistance for the finned tube with satisfactory accuracy. The predicted
linear increase in fouling resistance is in obvious disagreement with the decreasing or
asymptotic behaviour of the measured data. The reason for this that the removal rate is
ignored in all these models which, however has a dominant effect on the low-fouling
behaviour of the finned tubes, as has been shown previously in Chapter 4. Hence, the effect of

removal rate must be taken into account for modelling of fouling on finned tubes.



Theoretical Study 104

7.0E-05

6.0E-05 -

50E'05 * I:":”:|I:II:Innl:ll:“:‘nnnnnI:|I:||;|I:||:||:|I:||;||:||:|I:||:|I:|I:|I:||:| po-o

S 4.0E-05 |
£
g
< 3.0E-05 -
x
o Exp. data
2.0E-05 =& — present model
1 0E-05 ———Najibi et al. (1998)
Behbahani et al. (2007)
0.0E+00 T T T T T T T T
0 100 200 300 400 500 600 700 800

time, min
Fig. 5.13 Comparison between experimental and predicted fouling resistances for 19 fpi

copper tube, 300 kW/m? heat flux and 1.6 g/L CaSO, concentration

5.2.2.2 Case 2: calculation of removal rate
Assuming that the only effect of deposition is an additional thermal resistance, Kern and

Seaton (1959) proposed the following equation for the net rate of fouling:

dR, o
m,, :7(pdkd)=md —m, (5.36)

According to Bohnet (1987), the removal rate m, is directly proportional to the shear

stress (1) and inversely proportional to the shear strength (¢). Thus:

i = kL (5.37)
@

Replacing shear stress (t) with Y4 fplvz, where f is the friction factor and v is the fluid velocity

(5.38)
The shear strength () is assumed to be inversely proportional to the deposit thickness x¢

m, = kzplvzxf =k,py’ (ry —1) (5.39)
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For pool boiling heat transfer, the fluid velocity v can be replaced by the appropriate
Reynolds number Rey,, which was defined in Chapter 2:

Re=k, —J A (5.40)
/Ulhfg g(p, _pg)
then:
i, = kspq’ (ry —1,) (5.41)

if most physical properties are lumped into constant “ks”.

Equation (5.43) predicts the removal rate 71, as a function of heat flux ¢and effective

deposit radiusr,; . Substituting the value ofrm, from Equation (5.41) into Equation (5.36)

results in
dR, ) S
Ti(pdkd) =m,; —kspq (qu =7,) (5.42)
With
Xy
X, :(reﬁ_—ro) and —:Rf (543)
kd
Then Equation (5.42) can be rearranged as
de . )
7(/0,1]%) =m, —kspq def (5.44)
Equation (5.44) can be rewritten as
k,)dR
(o ").2 L= (5.45)
(m, —ksp,q def)
and after integration
& k,)dR, f
J' : (pd d).zf :J-dt (546)
0 (m, —kspq def) 0

Then
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In| 24 —#5£2 AR | kpd’ t (5.47)
m, P
which can be simplified to:
_kspzézt
. <2 . Pa
my —kspq kR, = [md]e (5.48)
W _kspid?,
R _ d l_e Pa (549)

a k5p,qzkd

Substituting the value of m, from Equation (5.10), then

_ ke ¥(c,-C'} L ek%

R -
kspiq°k,

; (5.50)

Equation (5.50) predicts the fouling resistance as a function of time for finned tubes.
Figures 5.14 compares the predicted and measured fouling resistances for various heat fluxes

and a CaSOg4 concentration of 1.6 g/L, for copper finned tubes.

7.0E-05
6.0E-05 - A
5.0E-05 |
E 4.0E-05 - o data[100]
E - data[200]
 3.0E-05
: + data[300]
2.0E-05 & — model[100]
: model[200]
1.0E-05 4
i —— model[300]
0.0E+00 T T T T T T T T
0 200 400 600 800 1000 1200 1400 1600

time, min

Fig. 5.14 Comparison between measured and predicted fouling resistances for 19 fpi copper
tubes at different heat fluxes and 1.6 g/L. CaSO4 concentration

It can bee seen from the figure that a reasonable agreement between predicted and

experimental results is achieved.
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5.3 Mathematical modelling of the performance of structured tubes under clean and
fouling conditions
For utilization of various finned tubes, not only the fouling resistance Ry but also the
thermal performance of the fins, i.e. thermal efficiency and temperature distributions, have to
be predicted. This is because undoubtedly when the fouling occurs and develops on finned
tubes it will also affect the thermal performance of the fins. In the following section, a
mathematical model is developed to study the performance of finned tubes under clean and

fouling conditions.

5.3.1 Mathematical development of the model

Figure 5.15 shows the shape of a simulated annular fin with all its geometrical parameters.
The assumptions made for the model are:

1. The analyzed fin is thin with a constant thermal conductivity, so that one-dimensional
radial heat conduction across the fin can be assumed.
The temperature at the fin base is uniform.
The temperature of the fin does not change with time unless it is prone to fouling.

An adiabatic fin tip, i.e., no heat losses from the tip.

M

The time step during modelling is very small so that the variation in the surface
temperature within this interval is negligible.

6. The boiling heat transfer coefficient, across the fin height, is not constant and it

|

I"]O

PS N

depends upon the temperature difference AT.

dr

—]

Fin tip - Base surface

Fig. 5.15 Geometry of the simulated annular fin (Incropera and DeWitt, 2001)
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5.3.1.1 Formulation of the model
Considering the above-mentioned assumptions, the conservation of energy for the
simulated annular fin yields the following differential equation as a function of fin

temperature:

,d’T  dT 2«
S+ r——
dr dr kaf

r’(T-T,)=0 (5.51)

or

d’T 1dT 2«

T-T.)=0 5.52
dr*  rdr kfsf( ») ( )

where:

k¢ is the fin thermal conductivity, W/m.K

st 1S the mean fin thickness, m

T the local fin temperature, K

Ty bulk temperature, K

o average heat transfer coefficient (at the base), W/m’K

Equation (5.52) may be reformulated with non-dimensional groups as follows
r—r

X = . then, dX(r,-1;) =dr (5.53)
v

o 1

where r; is the inner diameter of the fin i.e. at the base, and r, is the fin outer diameter i.e. at

the fin tip
g- LT then df (Tp-Tp) = dT (5.54)
Ty -1,

where Ty, is the fin temperature at the base i.e. at r =r;

The fin parameter mL can be defined as:

(mL)> =80 "0 (5.55)

B=—1i (5.56)
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Substituting in Equation (5.52) yields

2
d 92 L 49 ye=o (5.57)
dX* X +BdX

Equation (5.57) is the general equation for an annular fin under clean convective heat
transfer conditions. For constant heat flux, if fouling occurs on the finned tube the
temperature difference AT increases thus the average heat transfer coefficient decreases. The
fouling resistance Ry can be expressed in terms of clean and fouled heat transfer coefficients

as:

R -1 (5.58)

=
af Q.

where o, and o are the clean and fouled heat transfer coefficients, respectively. Equation

(5.58) can be rearranged to predict the fouled heat transfer coefficient as follows:

Olc —OCf
e f

o
/ l+a.R, (.60)

Which can be written as:

a
a, = £ 5.61
7 1+Bi, 01

where “Biy” is the fouling Biot number as

Bi

L =a,R, (5.62)

which is a measure of the fouling level on a heat transfer surface. By substituting from

Equation (5.62) into (5.57) then

2 2
do 1 do _(ml). ,_,
dX* X+BdX 1+Bi,

(5.63)

where (mL), is the clean fin parameter, i.e based on the clean heat transfer coefficient a..
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The corresponding boundary conditions are shown in Figure 5.16,

at X=0 0=0,=1
At X=1 df/dX =0 (adiabatic fin tip)
............... fin tip le
d6/dX=0
4
] fin base X=0
0=1
&

Fig. 5.16 Boundary conditions for the simulated fin

Equation (5.63) with its boundary conditions is a general equation valid only for
convective heat transfer mode, in which the heat transfer coefficient does not change along
the fin height. For boiling heat transfer, the temperature gradient along the fin leads to a
change of the heat transfer coefficient in X-direction. The boiling heat transfer coefficient o,
along the fin is a function of the local fin superheat according to the following equation (Lai

and Hsu, 1967; Liaw and Yeh, 1994):

g, =a,0" (5.64)

where o, is the heat transfer coefficient at the fin base. The values for “n” depend on the
boiling mode and changes between 0, 2, and -0.25 for convective, nucleate and film boiling
respectively (Chowdhury and Hashim, 2006). For nucleate pool boiling with n =2, Equation

(5.63) can be written as

0, 1 do _(mL); _
dX* X+BdX 1+Bi,

0 (5.65)

Equation (5.65) is the general equation for the annular fin under nucleate boiling conditions.

5.3.1.2 Solution procedures
Equation (5.65) is a nonlinear and second order ordinary differential equation (ODE)
which cannot be solved analytically. However, Equations (5.63) (for convective heat transfer)

and (5.65) (for nucleate boiling heat transfer) can be solved numerically for the above
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boundary conditions using the “Runge-Kutta” method, by transferring the second order ODEs

to a set of first order ODEs as follows:

I a9 _ (5.66)
ax
then
2

dX X+B 1+Bi

at X=0 0=0,=1
at X=1 do/dX=Y =0 (adiabatic fin tip)

The first order ODEs (5.66) and (5.67) can be solved simultaneously for the above
boundary conditions to find the temperature distribution 6(X) along the fin. A computer
program was written to solve these equations numerically using a backward Runge-Kutta
method together with the Newton-Raphson iteration method to predict the initial condition at

the fin base.

5.3.2 Fin efficiency calculation
An important parameter for the fin thermal performance is the fin efficiency ng, which is
the ratio between the actual fin heat transfer rate qgn, and the maximum fin heat transfer rate

gmax Which can be defined as:

q m
Mgy =2 (5.68)
qmax
where
dar
=—kA —| _ 5.69
qﬁn ¢ dr |r—ri ( )

Referring to Figure 5.15, the fin cross-sectional area A4, at the fin base can be calculated as:

(5.70)
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ar . T,-T, do

b= r r I (5.71)
Therefore,

==, 1) D (572
The maximum fin heat transfer rate can be defined as:

Dmax = A, (Ty, = T,) (5.73)
in which, the outside fin surface area 4, is calculated as

Ay, =270(r) =17) (5.74)
ignoring the area at the fin tip. Therefore,

G =27 (1, =12 )T, = T,) (5.75)
Then

= 2a(r02—ri :;(lrcé -1 ;’{_)i ST n?(:f -1 (Sél;f Jj_)i o 70
which leads to:

1 fin 2 a9 (5.77)

"y, vy ax

Equation (5.77) can be applied to define the clean and fouled fin

efficiencies (77,,).and(77,,) , as follows:

2 7, ﬁ
Ul = Guy . +7 )fo 'J (5.78)

. 2r, d_@
(14,), =(1+Bi,) oD T )[ e rx_ojf (5.79)
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where the subscripts ¢ and f refer to clean and fouled conditions, respectively. The efficiency

ﬁ_")f can be calculated by:

ratio ( -
d)( x=0 ;

nﬁn )c
a9,
dx ).

The values of 6 andj—)i |, for clean and fouling conditions are obtained from the output

(77ﬁn )f _

1 R.
). R

(5.80)

of the developed computer program to calculate the efficiency ratio. The Q-Basic computer

program is listed in Appendix D.

5.3.3 Modelling results
Referring to Equation (5.67), which is the general equation of the numerical model, the
main non-dimensional input parameters are:
1. The index “m” which defines the mode of heat transfer i.e. m=1 for convective boiling
and m=3 for nucleate boiling.
2. The fin parameter “mL” defines the effect of geometrical and thermo-physical
parameters such as height, thickness, and thermal conductivity of the fin. The term
“mL” is determined when the fin is still clean, i.e. using a non-fouling heat transfer
coefficient.
3. “Bif’, which defines the level of fouling on the fin. If Bif = 0, this means clean
condition.
Accordingly, the main outputs of the model are:
1. the clean and fouled temperature distribution along the fin 0(x)
2. the clean and fouled thermal efficiencies of the fin 1, n¢
(1) s
5.3.3.1 Validation of the model

3. the efficiency ratio

The analytical solution of the temperature distribution and fin efficiency for clean
convective heat transfer was given by Incropera and DeWitt (2001) and Mills (1999) as

follows:
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_ 0 _ L(mn)K, (mr,)+ K, (mr)] (mr,)
0, 1,(mr)K (mr,)+ K, (mr)I,(mr,)

(5.81)

2r, _ Il(mVo)Kl(mri)_Kl(mro)ll(mri)

1

T2 —r2) 1(mr)K, (mr) + K, (mr)1 (mr;)

my (5.82)

To check the validity of the present numerical model, the numerical results for
temperature distribution and fin efficiency for clean convective heat transfer from fins with
different values of clean mL were compared with the corresponding analytical solutions.
These comparisons for temperature distribution along the fin and fin efficiency are shown in
Figures 5.17 and 5.18, respectively. It is obvious that the outputs of the numerical model are

in close agreement with the analytical solutions for all values of fin parameter mL.

numerical model
» analytical solution
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®
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1
o

Non-dimensional normalized temperature,6/6,

T T T T T T
0.4 0.6 0.8 1.0

o
o
o
N

Non-dimensional distance, X

Fig. 5.17 Comparison between numerical and analytical solutions for fin temperature
distribution for convective heat transfer
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—numerical model
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Fig. 5.18 Comparison between numerical and analytical solutions for fin efficiency for
convective heat transfer

5.3.3.2 Effect of fouling on the performance of fins during nucleate boiling
The effect of fouling on the temperature distribution and the fin efficiency for nucleate pool
boiling conditions are analyzed for different values of “Bif” starting from clean conditions (Bi¢

=0) up to a severe level of fouling (Bir= 4).

5.3.3.2.1 Temperature distribution

The temperature distribution in a clean fin and its variation due to fouling for nucleate
pool boiling is shown in Figure 5.19 for two different fin parameters mL of 1 and 3. For clean
and fouled conditions, increasing the fin parameter mL leads to a decreasing temperature
distribution. This clearly highlights the effect of fin height and fin thickness as well as fin
thermal conductivity on its performance during boiling.

As the deposit begins to grow on the fin sides and base, the base temperature of the fin
increases, resulting in higher temperatures at the surface of the fins. As seen in Figure 5.19,
the rise in temperature of the fin is higher towards the tip for all configurations. Hence, the

presence of fouling increases the fin temperature and also affects the temperature profile

along the fins.
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Fig. 5.19 Effect of fouling on fin temperature distribution during nucleate pool boiling

5.3.3.2.2 Fin efficiency

Figure 5.20 shows the effect of fouling on the efficiency of fins for different fin
parameters. As a general trend, by increasing the fin parameter “mL” the fin efficiency
decreases. This efficiency trend as a function of “mL” is the reason for the limited use of
medium- and high-finned tubes in boiling application, as already indicated in Chapter 2.

Under fouling conditions, the efficiency of the fins is increased as indicated in figure 5.20,
for all levels of fouling and “mL”. Referring to Equation (5.55) which defines the fin
parameter “mL”, it is clear that the fouled fin parameter (mL); is always less than the clean
one (mL)., from which it follows that the fouled fin efficiency is greater than the clean one.
This is due to

1. increased temperature uniformity in the fin in the event of fouling;

2. larger driving temperature difference between fin surface temperature and bulk

temperature, and therefore increased contribution of fins to the total heat transfer.

The efficiency ratio of the fouled to the clean fin for different fin parameters as a function

of non-dimensional time is shown in Figure 5.21. The efficiency ratio is always higher than

unity for all values of “mL” at any time.
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Fig. 5.20 Effect of fouling on fin efficiency during nucleate pool boiling
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Fig. 5.21 Fouled to clean fin efficiency ratio versus non-dimensional time for different clean
fin parameters during nucleate pool boiling
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6.1

CHAPTER 6
CONCLUSIONS AND FUTURE WORK

Conclusions

The present study aimed at investigating crystallisation fouling of structured surfaces

during pool boiling heat transfer. The structured surfaces included low finned tubes with

various fin densities and heights and re-entrant cavity (Turbo-B) tubes. Plain tubes have also

been investigated for the sake of comparison. A comprehensive set of experiments was

conducted for heat fluxes ranging from 50 to 300 kW/m?” and CaSO, concentrations of 1.2 and

1.6 g/L. The theoretical part of the present study included the development of a new

correlation for the prediction of i) clean heat transfer coefficients; ii) fouling on finned tubes

as well as iii) fin efficiency during pool boiling. From the experimental and theoretical

studies, the following conclusions can be drawn:

Fouling resistances of the finned tubes demonstrated distinctively different characteristics
compared to those of plain tubes. Generally, lower and asymptotic fouling resistances
were found for the finned tubes and higher and linearly progressing fouling resistances for
the plain tubes. These trends were consistent regardless of the investigated heat flux and
CaSO, concentration.

For plain tubes, the increase in heat flux always resulted in higher fouling resistances. For
the investigated finned tubes, the fouling resistance decreased sharply when the heat flux
increased from 200 to 300 kW/m’. The higher degree of turbulence created by the
ascending bubbles between fins reduced surface temperature, bubble dynamics and
different thermal expansion of fins and deposit can be accounted for this phenomenon.

A thorough comparison of all plain and finned tubes confirmed the undisputable
superiority of finned over plain tubes. For the finned tubes, up to 95% reduction in fouling
resistance was observed compared to the plain stainless steel tube, for high heat fluxes of
200 and 300 kW/m? and a CaSO4 concentration of 1.6 g/L. For low heat fluxes of 100
kW/m? or below, the fouling resistance for the finned tubes remained around zero for the
range of investigated CaSQO4 concentrations.

Overall the scale formation that occurred on the finned tubes was only a thin,
inhomogeneous crystalline layer which could be easily removed. This differs significantly
from the plain tube where a thick, homogenous layer of deposit with strong adhesion was

found. The very large number of bubbles departing from the sides and bottom of the
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finned tubes generated a higher level of turbulence which in turn enhanced the low-
fouling behaviour of the finned tubes, especially at high heat fluxes.

e The surface material has also a strong effect on the deposition process. For the finned Cu-
Ni tubes, the experimental results showed a significant reduction in fouling resistance by
up to 97% and 77% compared to the finned Cu tubes at 100 and 300 kW/m®, respectively.
In addition, for finned Cu-Ni tubes, deposition occurred only on the base area between
fins for all heat fluxes. Contrariwise it occurred for finned Cu tubes also on the fin sides,
even at low heat flux of 100 kW/m®. The lower fouling behaviour of the finned Cu-Ni
tubes as compared to Cu tubes is related to their lower thermal conductivity and lower
surface energy, through their influence on the fin surface temperature and deposits
adhesion, respectively.

e The geometry of finned tubes i.e. fin density and height has only negligible impact on
clean boiling heat transfer, but showed substantial influence when fouling occurred. The
higher the fin density and height, the lower the observed fouling resistance.

e The re-entrant cavity Turbo-B tube type indisputably showed the best performance in
terms of fouling resistance and relative drop in heat transfer coefficient from all
investigated tubes. A reduction of 83% and 27% in fouling resistance was found
compared to the 19 and the 40 fpi tubes, respectively.

e The shape and structure of fouling deposits on the Turbo-B tube was totally different to
those for finned and plain tubes. For the Turbo-B tube, only fine deposits occurred on the
outside surface of the tube, without any deposition inside the cavity itself. The finned
tubes showed ring—shaped fouling layers which occurred generally on the base between
the fins and sometimes also on the fin sides. For plain tubes, very dense, thick and
uniform fouling layers established all over the tube.

e The experimental findings were later utilized to develop a model for CaSO,4 deposition on
structured tubes. In this model, the microlayer supersaturation underneath the bubbles was
predicted as a function of geometry for the various tubes. The predicted fouling
resistances from the model were compared with the experimental data, and acceptable
quantitative as well as qualitative (trends) agreement was obtained.

e A separate numerical model was developed to determine the effect of fouling on the
thermal performance of finned tubes i.e. fin temperature profile and thermal efficiency. It
was found that in the event of fouling the thermal efficiency of the fin increases. This was

explained by the fact that fouling improved the temperature uniformity in the fin.
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6.2 Recommendations for future work

During this study, only two types of structured surfaces i.e. low finned and re-entrant
cavity tube types were investigated. Considering the overall positive performance of
structured tubes, it is recommended to investigate “porous layer” tubes, as well

The experimental results showed that surfaces with lower surface energy are prone to less
fouling. Accordingly, if present technologies, i.e. ion implantation and sputtering, allow to
coat some of the structured tubes, then attempts should be made to use these techniques to
produce tubes with ultra-low fouling tendency. This must be investigated in rigorous
laboratory experimentation.

As surface material showed a decisive influence on fouling propensity, more structured
surfaces with different materials have to be investigated.

The fouling model proposed in this study for structured surfaces has to be developed
further to include parameters such as surface material.

Another interesting field of research in this respect are other foulants such as mixed salts
and organic solutions to widen the applicability of structured tubes to other industrial
applications identified in Table 1.

Finally, it would be of prime importance for the sake of industrial applications to perform

fouling experiments for structured tube bundles.
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APPENDIX A

Detailed Experimental Procedure

1. Preparation of pool boiling test rig
= Check all components of the test rig (vacuum pump, band heater, preheater, 3
power supplies, and data acquisition system) to make sure they are all
connected.
» Check that thermocouples, voltage, and current cables are connected to the

data acquisition cards as per the following arrangement

Channel | Input Data Function

101 Test heater E type thermocouple number 1

102 Test heater E type thermocouple number 2

103 Test heater E type thermocouple number 3

104 Condensate water inlet to the tank K type thermocouple

105 Pool bulk temperature E type thermocouple

106 Finned tube wall K type thermocouple (top side)

107 Finned tube wall K type thermocouple (left side)

108 Finned tube wall K type thermocouple (right side)

109 Finned tube wall K type thermocouple (bottom side)

110 Pressure transducer

120 Test heater AC voltage

121 Test heater AC current

®  Check that the two set thermocouples (one for the jacket heater and the other
for the test heater) are connected to the temperature controller of the power

supplies.
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2. Start-up check list

Computer and data

= Switch on the computer

1 acquisition system = Switch on the 34970A instrument
= [ oad and run the data acquisition program
2 Vacuum Pump = Switch on the vacuum pump and leave it to draw a partial
vacuum for the test rig
= After approximately 1 hour the test rig vacuum reaches its
desired value. Then switch the vacuum pump off and close
the vacuum pump valve.
3 Sample line valve = Introduce the test solution inside the vessel by means of
(open) vacuum using the flexible sample line.
4 Sample line valve = Close the inlet line valve after the filling stops
(close) (approximately at a level 30mm below the vessel roof)

5 Band heater

= Switch on the test rig band heater to preheat the test rig and
distilled water to the saturation temperature of
approximately 100°C

= Adjust the input power to the band heater at 900 W

6 Test heater

= After approximately 3 hours the system reaches the
saturation temperature
= Switch on the test heater and adjust the required input power

7 Band heater = Reduce the band heater input power to the value of 600 W
8 Condenser = Open the condenser cooling water inlet valve
9 Preheater = Switch on the preheater to a certain power position
10 | Condenser+Preheater | ® According to the condensate, and the bulk temperatures
(Equilibrium) reading from the computer monitor, adjust the preheater
inlet power and the condenser inlet cooling water
11 | Results = Take the results from the computer and the data acquisition

program

3. Shutdown Check list

1 Program = Stop data acquisition program

2 Test heater = Switch off the test heater and its power supply

3 Band heater = Switch off the test rig band heater and its power supply

4 Preheater = Switch off the condensate preheater and its power supply
5 Condenser = Close the cooling water inlet valve
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APPENDIX B

Measurement of CaSO,4 Concentration

The concentration of calcium sulphate was determined by a complexometric

ethylenediaminetetraacetic acid (EDTA) titration. EDTA forms stable 1:1 complexes with

alkaline earth metal ions at pH=10, i.e. 1mol Ca®" bonds 1mol EDTA. An ammonia buffer

solution is used to achieve a pH value of 10. At the presence of magnesium, first the calcium-

EDTA then the magnesium-EDTA-complex are formed. For detecting the end of titration, a

metal ion indicator as eriochrome black T (EBT) is required, which builds a wine-red

calcium-indicator-complex. During titration the indicator is replaced by EDTA and a stable

calcium-EDTA-complex is formed. Thus, the blue coloured free indicator serves for

determination of the equivalence point.

The experimental procedure for the titration method is the following:

e Take 10ml of CaSOy test solution in a beaker

e Add 3ml of ammonia buffer solution 10

e Add 3ml of magnesium sulphate solution

e add 4-5 drops of eriochrome black T

e start titration with EDTA until equivalence point, i.e. color change from wine-red to blue,
is reached

Due to the 1:1 complex built, the CaSO, concentration of the test solution can then be

calculated from the following equation:

(VEDTA - VMgSO4 ) 0.01

CCuso4 = % M CaS0, (B.1)
CaSO,
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APPENDIX C

Uncertainty Analysis

The uncertainty of the measured quantities is a combination of a bias and a precision error.
The bias error B is due to systematic error of the measuring devices. The precisions error
depends on the instability of the fouling process due to deposition and removal processes with
time. Depending on confidence value, the total uncertainty is either the arithmetic or the

quadratic sum of the bias and precision errors as follows.

99% confidence U=B+P (C.1)
95% confidence U=(B*+P?»"? (C.2)

The bias errors of a measured quantity Y and ¥ = f(X,,X,, X;,...,X,) can be calculated by

the following equation:

1/2

_ {Z(% B)‘) } (C.3)

The precision error of any individual independent variable, JX;, is determined as the standard

deviation of the mean of a set of N observations.

M 1/2

> r -xf

By=| E 1) (C.4)

The total precision error can be calculated as:

P, —[Z(g PXJ ] (C.5)

Since R, = f(T,,T,,q) anda = f(T,,T,,q), uncertainty of the fouling resistance and of the

transfer coefficient depend on the bias and precision errors the temperature and heat flux

measurements as shown in Figure C.1.
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Fig. C.1 Flowchart of uncertainty calculation for a fouling run.
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APPENDIX D

Computer Program to Calculate thermal Performance of Finned tubes

under Clean and Fouling Conditions

Software: QBasic Version: 4.5
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Mathematical Modelling of Finned Tube under Clean and fouling Boiling Conditions
By
Mohamed Esawy
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DIM C(100), x(100), Z(700, 20),x1(1100,20),x2(1100,20),t(1100),ml(20),eff(20)
DIM a(100, 100), f(700, 20), S(700, 20)

CLS

Format1$="# ###"

Format2$="## #H##"

Data mL0.5.txt,mL1.txtmL1.5.txt, mL2.txt,mL2.5.txt,mL3.txt,mL3.5.txt,mL4.txt,
REM "RUNG--KUTA"

77 INPUT "what is the mode of HT 1 for convective 3 for boiling"; m
INPUT "what is the radius ratio r2/r1";rr

B=1/(rr-1)

PRINT 10 sfe sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk skoske sk sk sk sk skoske sk sk sk sk skeoske sk skeosk sk sk sk sk skosk skeosk sk skeoskok skeoskok skeokok skeokok skokok sk
PRINT "Now is checking for the INPUT values"

if m=3 then PRINT"Boiling HT" Else PRINT "Convective HT"
PRINT "ml=",ml

PRINT "Bio=", Bio

PRINT "r2/r1=",rr

PRINT "Then B=",B

PRINT "If the values is right please press OK to continu, if not press No to change it"
INPUT values$

If values$="No" then PRINT "the values is not right":goto 77

For Bio=0 to 4

num=1

n=2

For ml=0.5 to 4 step .5

ml(num)=ml

rem read filename$

rem open filename$ for output as #1

If mI>2 and Bio=0 and m=1 then coff=0.1:goto 550

coff=1

550 rem PRINT "the number of variablesis :"; n

PRINT "ml=";ml;" m=";m;" Bio=";Bio;" coff=";coff

rem PRINT#I, "ml=";ml;" m=";m;" Bio=";Bio;" coff=";coff

rem PRINT

rem INPUT "begin value X0:"; X0

rem INPUT "final value Xf:"; Xf

X0=1

Xf=0

'FORi=1TOn

'PRINT "Y"; i; "value at X0"

'INPUT x(i)

'NEXT i

x(1)=.1*coff

xt=x(1)

22 h=-.001

x(2)=0

t=X0

'PRINT

600 t =X0
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700 FORi=1TOn

Z(0, 1) = x(1)

NEXT i

FORj=1TO4

(1, ) =x(2)

f(2, j) =ml"2/(1+Bio)*x(1) "m-x(2)/(t+B)
S(1,j)=h* f(1, j)

S(2,j))=h*1(2,])

IF j =4 GOTO 2000

IF j =3 GOTO 1000

FORi=1TOn

x(i) = Z(0, 1) +.5 * S(i, j)

NEXT i

GOTO 2000

1000 FORi=1TOn

x(1) = Z(0, 1) + S(, j)

NEXT i

2000 NEXT j

t=t+h

FORi=1TOn

Z(t,1) = Z(0,1) +(1/6) * (S, 1) + 2 * S(4, 2) + 2 * S(4, 3) + S(i, 4))
x(i) = Z(t, 1)

NEXT i

500 IF t <=.001 GOTO 6666

GOTO 700

6666 if x(1)>=1 goto 666

Xt =xt+.01*coff

x(1)=xt

goto 22

666 Gosub [PRINTing]

PRINT "the final value is", x(2)

PRINT “ Thermal Effecincy Calculation”
eff=2*(1+Bio)/((rr+1)*ml*2)*x(2)*-1
eff(num)=eff

rem PRINT #1, "eff="; eff

rem close #1

num=num-+1

Next ml

file1$="Boiling with all mL"
file2$=using ("#",Bio)+".txt"
file$=file1$+file2$

Open file$ for output as #5

For count1=0 to count

PRINT #5, using(format1$, t(countl));" "
For numl1=1 to num-1

PRINT #5, using(format2$,x1(countl,num1));" "
Next numl

PRINT#5,""

Next countl

For num2=1 to num-1

PRINT #5, using ("#.#",ml(num?2));" ";using ("#.###" eff(num?2))
Next num?2

Close #5

Next Bio

End

[Sub PRINTING]
count=0

X0=1

Xf=0

x(1)=xt

h=-.001
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x(2)=0
t=X0
7000 FORi=1TOn
Z(0, 1) = x(1)
NEXT i
FORj=1TO4
(1, ) =x(2)
(2, j) =ml*2/(1+Bio)*x(1)"m-x(2)/(t+B)
S(L,j)=h*f(1, j)
S(2,j))=h*1(2,])
IF j =4 GOTO 20000
IF j =3 GOTO 10000
FORi=1TOn
x(i) = Z(0, 1) + .5 * S(i, j)
NEXT i
GOTO 20000
10000 FORi=1TOn
x(1) = Z(0, 1) + S(i, j)
NEXT i
20000 NEXT j
t=t+h
t(count)=t
FORi=1TOn
Z(t,1) = Z(0,1) +(1 /6) * (S(i, 1) +2 * S(i, 2) + 2 * S(i, 3) + S(i, 4))
x(1) = Z(t, 1)
NEXT i
x I (count,num)=x(1)
x2(count,num)=x(2)
rem PRINT#1, t;" " "x(1);" "x(2);"
rem PRINT#1, "the final value is";x(2)
if t<=0.001 then return
count=count+1
Goto 7000



