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ET PAR EBULLITION EN ECOULEMENT
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RESUME

La resistance au transfert de chaleur d'un depot poreux peut s'exprimer comme la somme de deux
elements, Tun lie.a la conduction dans le dep6t baignant dans le fluide et l'autre lie a la rugosite de
la surface, c'est-a-dire:

R = &K + Rrugostit

Cette relation simple semble etre vraie dans les deux conditions de transfert de chaleur par
convection forcee en phase unique et par ebullition. La composante conductive de la resistance
totale du depot est toujours positive, tandis que la composante de rugosite est negative. Les
valeurs de K et de Rmgosite mesurees dans cette etude sont les suivantes. Dans les conditions de
transfert de chaleur par convection forcee a phase unique, K = 1,3 ± 0,2 W/mK et
Rmgosite = -4 x 10'6 m2K/W pour les depots de magnetite. Dans les conditions de transfert de
chaleur par ebullition en ecoulement, K = 0,2 a 0,9 W/mK et Rm^a = -36 x 10'6 m2K/W pour les
depots de magnetite tandis que K = 2,0 W/mK et R^go^ = -43 x 10"6 m2K/W pour les depots
composes de proportions a peu pres egales de cuivre et de magnetite.
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ABSTRACT

The heat transfer resistance of a porous deposit can be expressed as the sum of two components:
one associated with conduction through the fluid-filled deposit and a second associated with
surface roughness, i.e.,

" K """ ^roughness

This simple relationship appears to hold under both single-phase forced-convection and boiling
heat-transfer conditions. The conductive component of the total deposit resistance is always
positive, whereas the roughness component is negative. Values for K and Rr0Ughness measured in
this investigation are as follows. Under single-phase forced-convection heat-transfer conditions,
K = 1.3 ± 0.2 W/mK and RrOughness = -4 x 10~6 m2K/W for magnetite deposits. Under flow-boiling
heat-transfer conditions, K = 0.2 to 0.9 W/mK and Roughness = -36 x 10~6 m2K/W for magnetite

j- /y

deposits, whereas K = 2.0 W/mK and RrOughness = -43 x 10 m K/W for deposits composed of
approximately equal proportions of copper and magnetite.
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1. INTRODUCTION

Degradation of the thermal performance of steam generators (SG) is a serious problem in nuclear
power stations throughout the world (Lovett and Dow, 1991). In pressurized-heavy-water
reactors (PWHRs), the reduced thermal performance of the steam generators is manifested by an
increase of the primary coolant reactor inlet header temperature (RIHT). In pressurized-light-
water reactors (PWRs), which operate with fixed primary coolant temperature, the loss of
thermal performance is manifested by a reduction of the steam pressure. Degradation
mechanisms that may contribute to the loss of steam generator thermal performance include

• fouling of the boiler tube inner surfaces (primary-side fouling),
• fouling of the boiler tubes outer surfaces (secondary-side fouling),
• divider and thermal plate leakage that causes the coolant to by-pass either the steam generator

or the preheater,
• fouling of the steam separator.

The relative contribution of these various degradation mechanisms to the overall loss of thermal
performance is still under investigation. Soulard et al. (1990) examined the relative contributions
of tube bundle fouling, divider plate leakage, and thermal plate leakage to the increase in RIHT at
the Point Lepreau Nuclear Generating Station and concluded that tube fouling contributes to a
significant fraction of the loss of thermal performance. Corrosion products deposit on both the
inner (primary) and outer (secondary) surfaces of the boiler tubes. Thus a complete
understanding of the reasons for the loss of thermal performance and the development of
strategies to mitigate this loss requires a knowledge of the thermal resistance of tube deposits
under primary and secondary-side heat-transfer conditions.

We report here the results of measurements of the thermal resistance of primary-side and
secondary-side boiler tube deposits performed under single-phase forced-convection and flow-
boiling conditions, respectively.

2. EXPERIMENTAL PROCEDURES AND ANALYSES

2.1 Experimental Loop

A schematic of the loop used for the measurements of deposit resistance under primary and
secondary-side heat-transfer conditions is shown in Figure 1. The loop is a water recirculating
facility that can operate at temperatures and pressures up to 320°C and 14 MPa, respectively. The
loop water chemistry is controlled in the loop make-up tank. High-purity, deoxygenated water was
used throughout the measurements. Residual hydrazine was maintained at a concentration of 50
to 100 ug/kg, and the pH was adjusted to between 9.5 and 10.0 using morpholine.
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Figure 1: Flow schematic of the experimental loop used for heat-transfer measurements.

The loop flow is controlled by a positive displacement pump with a regulated stroke, while
pressure is controlled by a pressure control valve in the low-temperature part of the circuit. Flow is
measured to within an accuracy of 1%, and pressure is measured to within an accuracy of 0.3%.

Fluctuations in loop flow and pressure during the measurements were small, with root mean
square (RMS) deviations of ± 0.4% and ± 0.7%, respectively. Data collection was performed
using a high-precision, computerized data acquisition system.

Two test sections with different heat transfer and flow geometries were employed, depending on
whether the deposit was located on the inside (primary side) or outside (secondary side) of the
SG tube. In either case, the heat transfer measurements could be made under single-phase
forced-convection or flow-boiling conditions. The experimental conditions used for the heat
transfer measurements under both single-phase forced-convection and flow-boiling conditions
are shown in Table 1.
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Table 1: Typical test conditions for heat-transfer measurements under single-phase forced-
convection and flow-boiling conditions.

Single-phase
forced-convection

Flow-boiling

P
(MPa)

6.0

4.4

Tb

(°C)
200

253

Ts

(°C)
238

260

Q
(kW/m2)

300

< 175

M
(kg/m2s)

660

6

X

-

6

2.2 Test Section # 1: Deposit on Tube Inner Surface

The thermal resistance of deposit on the inside of the boiler tube was measured using the test
section shown in Figure 2. The test section consists of a length (or lengths) of thermally
insulated tubing with thermocouples spot-welded onto the outside wall. Heat is generated within
the wall of the test section by ohmic heating. Most of the heat generated flows radially into the
fluid flowing inside the tubes, although there is some heat loss from either end of the test section.
Tube samples as short as 0.35 m proved to be sufficient to perform the measurements.

i Outlet

Wall-Mounted Thermocouples

Clean Tube

T/C Inlet

erminal fiai

Figure 2: Test section # 1, used for making measurements of the thermal resistance of deposits
formed on the inner surface of the tube.
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Ohmic heating of the tube wall is accomplished by passing low-voltage, alternating current
directly through the test section between electrically insulated terminals. Inlet and outlet
temperatures of the bulk fluid are measured, as well as the temperature at several locations along
the tube outer wall. The estimated uncertainty in the absolute value of the measured wall
temperature is ±1°C. The heat flux is calculated from the electrical power drawn by the test
section, after subtracting the heat losses estimated from the heat balance on the fluid under
single-phase conditions. Inner-wall temperature is calculated using the following relationship
developed for a tube with a uniform heat source (see Appendix A):

•d2
0+df\. (1)

Bulk fluid temperature at each wall thermocouple location is determined from the enthalpy
calculated for that location:

qEx

~ ^ • (2)

From the values of Tw, Tb and Q measured under identical thermalhydraulic conditions for both
clean and fouled tubes, the thermal resistance of the primary-side deposit is calculated using:

"•d ~ Rfouled

-I fouled

T-Z b

clean (3)

As written, Equation (3) implies that the thermal resistance of the deposit incorporates the effects
of the deposit on the fluid film resistance.

2.3 Test Section # 2: Deposit on Tube Outer Surface

Figure 3 shows the test section used for measuring the thermal resistance of deposit on the outer
surface of the SG tube. A short length of tube with deposit is press-fitted onto a thermowell,
which is mounted into the head of an autoclave. The autoclave is then valved into the high-
temperature loop (see Figure 1) and heat-transfer measurements are made under the appropriate
conditions. A cartridge heater placed inside the thermowell provides the heat flux at the tube
deposit-fluid interface. Heat flow in the axial direction is impeded by an insulating ceramic-
teflon composite placed on the unheated zone of the thermowell. Samples as short as 30 mm are
sufficient to perform the measurements. Wall temperature is measured by several thermocouples
inserted axially into the tube wall of the sample. A short length of bare tubing is placed upstream
and downstream of the sample tube to avoid disrupting the boundary layer in the vicinity of the
wall thermocouples. Provided the same heat flux is used for measurements of both the "fouled"
and "clean" sample tube, no significant error should be introduced by using the temperature
measured by the inserted thermocouple for Twaii in Equation (3).



- 5 -

Outlet

Thermal Well
Cartridge Heater, Unheated Zone

Embedded Thermocouple

Inlet

Sample Tube with Deposit
Bare Tube

•Cartridge Heater, Heated Zone

•Ceramic/Teflon Insulation

Autoclave

Figure 3: Test section # 2, used for making measurements of the thermal resistance of deposits
formed on the outer surface of the tube.

2.4 Deposit Characterization and Thermal Conductivity

Thermal resistance measurements were made on both in-service and synthetic tube deposits.
Thickness and morphology of the deposits were determined by scanning electron microscopy
(SEM). Surface roughness of both the bare tube and tube with deposit was measured using laser
profilometry.

Thermal conductivities were calculated for each deposit by dividing the deposit thickness by the
measured thermal resistance. The quotient is referred to as an "apparent thermal conductivity"
because the calculation is made with the implicit assumption that the thermal resistance increases
linearly with thickness, with no account taken of the effect of surface roughness on the thermal
resistance of the deposit. Where possible, however, the thermal conductivity and effect of
surface roughness were determined from the slope and intercept of a plot of thermal resistance
versus deposit thickness.

K
" roughness

(4)
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3. RESULTS

3.1 Primary-side Deposits: Single-Phase Forced-Convection Heat Transfer

Figure 4a shows the typical morphology of a station primary-side magnetite deposit. The deposit
is porous, and the crystalline nature of the magnetite suggests that the deposit was formed by a
precipitation mechanism. Table 2 lists the database of thermal resistance and thermal
conductivity for primary-side station deposits measured under single-phase forced-convection
heat-transfer conditions and extrapolated to a film temperature of 270°C, as described in Klimas
et al. (1998). With two exceptions, all the deposits offered a positive resistance to heat transfer.
The deposits that enhanced the rate of heat transfer were very thin, and the moderate
enhancement was within the bounds of experimental uncertainty. A small enhancement is,
nevertheless, expected from differences in surface roughness between the deposit and the
reference clean tube used for the measurements.

Table 2: Primary-side deposit thermal resistance and thermal conductivity measured under
single^hase forced-convective heat-transfer conditions

Station

BNGS T
SG#3

BNGS 2
SG#3

BNGS 2
SG#3

BNGS 2
SG#3

DNGS 4b

SG#3
DNGS 4

SG#3

G-2C

G-2

Sample

C34 R86
bottom of U-bend; cold leg

C35R87
bottom of U-bend; cold leg

C35 R87
bottom of U-bend; hot leg

C39 R87
bottom of U-bend; hot leg

C76 R54
hot leg; near tubesheet

C76 R52
cold leg;

first baffle plate

X55-Y54
hot leg; below 2nd support

plate

X59-Y48
cold leg; third baffle plate.

Thickness
(um)

60

55

65

40

5.7

10.9

1.8

90

Thermal Resistance
(m2 K/kW)

0.042

0.041

0.036

0.041

-0.003

0.010

-0.011

0.067

Thermal
Conductivity

(W/m K)
1.43

1.34

1.81

0.98

-

0.92

1.34

a Bruce Nuclear Generating Station Unit 2
b Darlington Nuclear Generating Station Unit 4
c Gentilly-2
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(a) (b) (c)
Figure 4: Morphology of tube deposits, (a) primary-side station deposit, (b) secondary-side

station deposit, and (c) synthetic magnetite deposit.

Figure 5 shows that the thermal resistance of the deposits increases linearly with deposit
thickness. A thermal conductivity of 1.3 ± 0.2 W/m K (95% confidence interval) was calculated
from the reciprocal of the slope of the line. The small negative intercept of
-4 x 106 m2K/W ± 4xlO'6m2K/kw (95% confidence interval) is attributed to the surface
roughness of the deposits.

Thermal Resistance of CANDU Station Primary^Sfde
Deposits

-0.02

Deposit Thickness

Figure 5: Thermal resistance versus deposit thickness measured under single-phase forced-
convection.

The measurements also showed that K is virtually independent of pressure, mass flux and heat
flux, and has only a weak dependence on temperature.
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3.2 Secondary-side Deposits: Flow-Boiling Heat Transfer

The morphology of a magnetite deposit from the secondary-side of a nuclear SG is shown by the
SEM micrograph in Figure 4b. Table 3 lists the database of thermal resistance and apparent
thermal conductivity for station secondary-side magnetite deposits measured under boiling-heat-
transfer conditions. Many of the deposits had a rather low apparent thermal conductivity, in the
range 0.23 to 0.96 W/m K. A cold-leg sample from the integral preheater region of the
Gentilly-2 (G-2) SG had almost no deposit on it, as might be expected from a tube that was
exposed only to the low concentrations of iron in the feedwater. The hot leg deposit from
DNGS-4 was the only other station deposit that showed a negative thermal resistance. It was a
relatively fresh deposit compared with the other deposits, because the steam generator had been
in service for only 18 months before the tube was pulled for inspection. Note that the apparent
thermal conductivity of the copper-bearing deposit from BNGS Unit 2 is significantly higher than
the conductivities of the pure magnetite deposits.

Table 3: Database of secondary-side deposit thermal resistance and thermal conductivity
measured under flow-boiling conditions.

Station Sample Thickness
urn

Thermal
Resistance
(m2K/kW)

Apparent Thermal
Conductivity

(W/m K)
Deposits from All-Ferrous Stations

Catawbaa

BNGS 6b

SG#6
BNGS 7

BNGS 7

PLNGSC

SG#3
DNGS 4d

SG#3
G-2e

G-2

hot leg
68-94-4

hot leg U-bend
C1O8R38

cold leg; 4 in above 1st TSP
C58 R28
hot leg

C58R118
hot leg

C76 R54
hot leg

X59-Y48
cold leg, third baffle plate

X55-Y54
hot leg below 2nd TSP

35
10

9

11

7

4.1

2

3.8

+0.017
+0.0104

+0.021

+0.039

+0.0084

-0.036

-0.021

+0.008

2.2
0.96

0.43

0.23

0.83

-

-

0.48

Deposits from Stations that Contain Copper in the Feed Train
BNGS 2 B413T#21 C51R87 Bottom 130 +0.021 7.2

a Plant operated by Duke Power
b Bruce Nuclear Generating Station Unit 6
c Point Lepreau Nuclear Generating Station
d Darlington Nuclear Generating Station Unit 4
e Gentilly-2
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Table 4 shows the results of thermal resistance measurements made under flow-boiling
conditions on a series of synthetic porous deposits of magnetite (Uhle, 1997). The synthetic
deposit was formed on the outside of the tubes; hence the heat transfer measurements were made
using test section #2. Each series of deposit (B3, B4, B47) had a different porosity and average
pore size. A typical morphology of the synthetic deposit is shown by the SEM micrograph in
Figure 4c. The data in Table 4 confirm that thin porous deposits have a negative thermal
resistance. They also show that the thermal resistance becomes more positive as the deposit
thickness increases. Table 4 also shows the results of thermal resistance measurements made
under flow-boiling conditions on synthetic deposits that were produced on the inner surface of a
boiler tube. These measurements were made using test section #1. All deposits had a negative
thermal resistance that did not show a strong trend with deposit thickness.

Table 4: Fouling resistance of synthetic porous magnetite deposits measured under flow-
boiling conditions (Uhle, 1997).

Sample Identification Thickness
(urn)

Thermal Resistance
(m2K/kW)

Synthetic deposits on outer surface
B3

B4-3
B4-2

B47-1
B47-2
B47-3

3
24
38
13
24
33

-0.046
-0.027
-0.0068
-0.007
+0.005
+0.010

Synthetic deposits on inner surface
D40
D41
D44
D45

27
14
14
9

-0.022
-0.014
-0.023
-0.014

Thermal resistance measurements were also made on the station secondary-side deposits under
single-phase forced-convection heat-transfer conditions. The apparent thermal conductivity of
the station secondary-side deposits measured under these conditions is essentially the same as
that measured for primary-side deposits, i.e., approximately 1.3 W/m K for deposits that do not
contain copper. Because the morphologies of the primary and secondary-side station deposits are
distinctly different (most likely a result of different deposition mechanisms), this observation
suggests that the fluid filling the pores of the deposit is a more important parameter for
determining the deposit thermal conductivity than are the details of the deposit morphology.

The dependence of the boiling heat-transfer coefficient on the surface roughness is shown by the
results in Table 5. For these measurements, the tube surface was polished to different surface
roughness values using commercial abrasives. Predictions by the Nishikawa correlation
(Stephan,1992) are in good agreement for clean tubes and are in fair agreement for tubes covered
with thin deposits:
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Rfilm} _

R•fllm2

(5)

where Rp is defined as the maximum peak height from the mean of the profile over the sampling
length. For thicker deposits the correlation predicted an improvement in heat transfer, whereas a
deterioration was observed in the loop data. The discrepancy between the measured value and
the value predicted by the Nishikawa correlation can be used to estimate the contribution from
conduction to the total heat-transfer resistance of the deposit. The estimated conductivity of the
deposit from G-2, after taking account of the effect of surface roughness, is consistent with the
apparent conductivities reported in Table 3. For deposits that have a positive thermal resistance,
the estimated thermal conductivity is much lower after taking into account the contribution from
surface roughness to the measured thermal resistance. Thus the thermal conductivity of the G-2
hot-leg deposit decreased from 0.48 to 0.10 W/mk, and the conductivity of the BNGS Unit 2
deposit dropped from 7.2 to 2.0 W/mk after correcting for the effect of surface roughness using
Equation (5).

Table 5: Effect of the surface roughness on thermal resistance: Comparison of the measured
and calculated values.

Sample
Identification

OD20
OD27

DNGS-4
Boiler 3 R101

C59
G-2 X59-Y48

Cold Leg
G2X55-Y54

Hot Leg
BNGS-2

B413T21
C51 R87

(contains Cu)

Deposit
Thickness

(um)

clean tube
clean tube

= 0

2.0

3.8

130

Roughness:
fouled tube

(urn)

3.3
1.3
1.9

4.8

6.5

30

Roughness:
cleaned tube

(um)

1.3
0.16
0.7

0.62

0.58

0.89

AR:
(rough -
clean)

(m2K/kW)
-0.014
-0.029
-0.036

-0.021

+0.008

+0.021

AR:
Nishikawa
correlation
(m2K/kW)

-0.012
-0.028
-0.018

-0.028

-0.032

-0.043

Thermal
Conductivity

(m2K/kW)

N/A
N/A
N/A

0.29

0.10

2.0

Figure 6 shows the thermal resistance of station and synthetic deposits measured under flow-
boiling conditions plotted as a function of deposit thickness. There appear to be two types of
deposit represented in this figure. One type, which is represented by the porous synthetic
deposits and several of the porous station deposits, is characterized by a thermal resistance that is
negative in the limit of zero deposit thickness, but which becomes more positive with increasing
deposit thickness. A linear least-squares fit of Equation (4) to the data gave

Rroughness = -3.6 x 105 ± 3.0 x 10"6 m2 K/kw (95% confidence interval) and K = 0.89"036W / mK
(95% confidence interval). The second type of deposit is represented by the cluster of data from
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(95% confidence interval). The second type of deposit is represented by the cluster of data from
thin, dense deposits from the stations (6 < 12 pm). These deposits all had a large positive
thermal resistance, with an average thermal conductivity of 0.57 ± 0.34 W/m K (95% confidence
interval). The difference between these two types of deposit appears to be primarily the lack of a
"surface roughness" contribution to the total thermal resistance for the dense station deposits.

0.06

0.04 - -

-0.06

BNGS-7

0 10 20 30
Deposit Thickness [|Jin]

Data Synthetic Deposit B3/B4

40

[X] Station Deposits

Data Synthetic Deposit B47 • Synthetic ID

- 95% Confidence Interval — — Best Fit

Figure 6: Thermal resistance versus deposit thickness measured under flow-boiling conditions.

4. DISCUSSION

4.1 Primary-side Deposit: Resistance under Conditions of Single-phase Forced
convection

Primary-side deposits affect heat transfer through two mechanisms: conduction through the
deposit and surface roughness. The difference in surface roughness between the deposit and a
bare tube makes a small negative contribution to the thermal resistance, but this effect is
overwhelmed by the conductive component for deposit thickness greater than, at most, 12 (im
(see Figure 5).

Heat transfer through the primary-side porous deposit is by conduction. The deposit can be
modelled as a two-component system consisting of magnetite crystals and stagnant water filling
the pores. The thermal resistance of a porous material is expected to lie between upper and lower
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KsolidKfluid
Kd (lower limit) =

Kd ( u p p e r l i m i t ) = <t>Kfluid + (1 - <j))Ksolid (6)

From the high-temperature thermal conductivity of both magnetite (M0lgaard and Smeltzer,
1971) and water (CRC Handbook, 1980) and an assumed deposit porosity of 30%, the thermal
conductivity of a porous magnetite deposit predicted by Equation (6) ranges between 1.5 and
2.6 W/m K under the experimental conditions for series and parallel arrangements, respectively.
Thus the measured thermal conductivity of 0.92 to 1.81 W/m K implies that the station deposits
impede heat transfer like a series-arrangement of magnetite + water.

Further insight into the thermal conductivity behaviour of porous deposits is provided by Rice
(1995), who noted that there are physical and mechanical properties of porous ceramic materials
that are determined by the minimum solid area of the material and not simply by the porosity
itself. For these properties, there will be a discontinuity in the value of the property at a critical
porosity, <|)c, which is called the percolation limit and is identified as the porosity at which the
structure becomes fragmented. This behaviour is illustrated for the thermal conductivity of a
porous magnetite deposit by the schematic in Figure 7. For porosity less than 0C the thermal
conductivity of the magnetite-water composite is bounded above by the conductivity of the
parallel-arrangement of conductors, whereas for porosity greater than <j)c it is bounded below by
the conductivity of the series-arrangement. Comparison of the average measured conductivity of
1.3 W/mK with Figure 7 suggests that the tube deposits can be interpreted as composites with a
structure that is past the percolation limit, i.e., the structure has become fragmented and behaves
like a series-arrangement of water and magnetite conductors.

&

0.50

Deposit Porosity [-]

Figure 7: The effect of porosity on the thermal conductivity of a porous deposit of magnetite.
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4.2 Secondary-side Deposit: Resistance under Conditions of Flow Boiling

The deposits appear to affect heat transfer under flow-boiling conditions through two
mechanisms, acting in opposite directions. First, vaporization is enhanced on a porous deposit
compared to a bare tube, most likely from a combination of increased surface area and a
reduction in the wall superheat for bubble nucleation on the surface of the porous deposit. This
effect makes a negative contribution to the thermal resistance and is the dominant mechanism in
the limit of zero deposit thickness. The Nishikawa correlation gives a better account of the
change in wall superheat with surface roughness on bare tubes than for tubes covered with thin
deposit. This suggests that there may be an additional factor, such as changes in surface tension
or wettability, that may be affecting the wall superheat for bubble nucleation on the surface of a
porous deposit. It is postulated that the porous outer layer that is responsible for the
enhancement of vaporization had been removed from the thin, dense station deposits that
exhibited a large, positive thermal resistance. This likely occurred during both the removal and
the transportation of the tube sample from the station to the laboratory, as revealed by the amount
of magnetite powder that generally accompanied tube manipulations. The second mechanism by
which a deposit affects heat transfer under flow-boiling conditions is through the process of
conduction through a porous body. Under flow-boiling conditions, the pores of the deposit will
be filled with a mixture of steam and water. Because steam has a lower thermal conductivity
than water, the thermal conductivity of the deposit will be lower under flow-boiling conditions
than under single-phase forced-convection. The presence of copper in the pores of the deposit
tends to increases the thermal conductivity, as a result of the relatively high conductivity of
copper.

Equation (6) predicts, for a series arrangement of magnetite and steam-water mixture, that the
thermal conductivity of a magnetite deposit under flow-boiling conditions should range between
1.4 to 0.14 W/m K for steam fractions ranging from 0 to 100%. The upper limit is in good
agreement with the thermal conductivity of the secondary-side deposits measured under
conditions of single-phase forced-convective flow. Thermal conductivities measured for both the
station and synthetic deposits under flow-boiling conditions are consistent with the presence of a
mixture of both steam and water in the pores of the deposit. Discrepancies in the thermal
conductivity from one deposit to another are most likely related to differences in the fractions of
steam and water in the pores under the measurement conditions.

A survey of literature values of the apparent thermal conductivity of magnetite measured under
flow-boiling conditions is shown in Table 6. In three cases, the apparent thermal conductivity of
the magnetite deposit, calculated by simply dividing the deposit thickness by the measured thermal
resistance, is consistent with the thermal conductivity of both the synthetic and station deposits
measured in this investigation. Macbeth et al. (1971) measured a relatively high thermal
conductivity for deposits with large (=10 fim) steam chimneys. The enhanced thermal conductivity
of these deposits was attributed to an efficient heat transfer mechanism called "wick boiling".
None of the station deposits examined showed evidence for a "wick boiling" heat transfer
mechanism, although the "chimney" morphology has been observed in flakes of tube deposit
removed from the tube sheet of a once-through steam generator (Tapping et al., 1991). Cohen and
Taylor (1967) measured an enhanced heat-transfer rate (negative thermal resistance) with a freshly
formed porous deposit of magnetite, consistent with our measurements on thin porous deposits.
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Table 6: Literature database of apparent thermal conductivity of magnetite deposits measured
under boiling heat-transfer conditions.

Source

Katz (1958)
Elrod et al. (1967)

Kelen and Arvesen (1972)
Macbeth (1971)

Habib et al. (1992)

Cohen and Taylor (1967)

Thermal
Conductivity

(W/m K)
0.67
0.58
0.43

3.7 - 4.7

4.9

negative

Tsat
(°C)

285
245
285
165

270

120

Remarks

deposits with 50% porosity

70 to 90% porosity
70% porosity with chimneys

30 to 100 um thick
50-um dense inner layer +
170-|xm porous outer layer

fresh deposit

4.3 Deposit Growth and the Thermal Resistance of Secondary-Side Deposits

Deposits that form on the secondary-side of the SG tube are believed to be created primarily
through a particulate fouling mechanism. Fresh porous deposits offer relatively little resistance
to the flow of water to the heat-transfer surface. Thus water is readily transported to the tube
surface at a rate equal to the evaporation rate, and the pores of the deposit should remain fully
wetted. At this stage of growth, the thermal resistance of the deposit will be dominated by the
negative contribution from the surface roughness component in Equation (6). With time, the
precipitation of soluble impurities, together with the deposition of small particulates, will
gradually plug the pores, especially in regions within the deposit where evaporation takes place,
i.e., near to the tube surface. As the pores become plugged, the resistance to the flow of water
will increase. Eventually, the resistance reaches a value where the flow of water cannot match
the evaporation rate, and regions of the deposit become enriched with steam. This significantly
reduces the thermal conductivity of the deposit and causes an increase in the thermal gradient
across the deposit. Because magnetite has a reverse solubility under SG operating conditions, the
temperature gradient across the deposit will also drive magnetite towards the heat-transfer
surface through a combination of dissolution and re-precipitation reactions. The plugging
processes will continue unchecked until water can no longer be delivered to a particular
evaporation zone. From this moment on, the pores will be filled with steam and the heat will be
transferred across the zone through conduction alone. Consequently, another evaporation zone
will be created in the deposit further away from the heat-transfer surface.

The preceding processes will produce a two-layered structure: a dense inner layer overlaid with a
loose and more porous outer layer, as shown in Figure 8. The dense inner layer will have a
relatively low thermal conductivity; i.e., it will be highly resistive to heat transfer. The porous
outer layer will have a higher thermal conductivity than the inner layer does, and could even
enhance the rate of heat transfer compared to a bare tube; i.e., it could make a negative
contribution to the total heat-transfer resistance of the deposit, depending on its thickness.
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STATION
DEPOSIT
Loose Layer

Dense Layer

Tube Metal

Loose Layer

Dense Layer

Tube Metal

Figure 8: (a) An SEM micrograph of a polished cross section of a station deposit. The denser
layer closer to the tube wall at the photograph bottom) and the more porous outer
layer of the deposit can be clearly distinguished, (b) A schematic representation of
the two-layer model of the station deposits showing the dense inner layer and the
porous outer layer.

4.4 Effect of Tube Deposits on SG Thermal Performance

The design fouling margin of a CANDU 6 SG is 0.035 m2K/kW, and is added into the design
equation for a SG to take account of all potential losses of thermal performance arising from
known SG degradation mechanisms, such as tube deposit, flow leakage, and pulled or plugged
tubes. Equation (4), together with the values in Table 7 for primary-side deposits, says that the
design fouling margin of the SG is equivalent to the thermal resistance offered by a uniform layer
of magnetite 50 \im in thickness that covers the entire inner surface of the tube bundle. It is
misleading, however, to consider the effect of primary-side deposit in isolation from the deposit
on the secondary-side of the tube bundle. Figure 6 shows that porous magnetite deposits under
flow-boiling conditions can both enhance heat transfer, i.e., have a negative thermal resistance,
and impede heat transfer, i.e., exhibit a positive thermal resistance, depending on the deposit
thickness and morphology. The thickness at which the deposit switches from enhancing the
impeding heat transfer ranges from 18 to 108 |Lim (95% confidence interval). If the deposit
distribution on the outer surface of the tube bundle is non-uniform, it follows that some parts of
the tube bundle could be impeding heat transfer while other parts are enhancing heat transfer.
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Thus the net contribution of secondary-side deposits to the SG thermal performance will depend
on both the deposit distribution and the deposit thickness.

Table 7: Values of K and Roughness for deposits measured under single-phase forced-convection
(primary-side) and flow-boiling (secondary-side) conditions.

Heat Transfer Mode

Single-phase forced-convection
Flow-boiling

K

(W/mK)
1.3 + 0.2

0.89!"8;>96 (ferrous)
2.0 (iron-copper)*

Tf
^roughness

(m2K/W)
-4 x 10'6

-36 x 10"6±3xl0"6

-43 x 10-6*

*Based on 1 measurement, so no standard deviation reported.

The effect of the secondary-side deposit on the RIHT behavior is suggested by the step changes
in the RIHT, which are especially evident following plant shut downs and start ups. On start-up,
the pores of the deposit will initially be filled with water. Sudden vaporization of the water with
the onset of nucleate boiling could cause spalling of the deposit. Whether this region now has
improved or reduced heat-transfer performance compared with when the deposit was in place
will depend on the thickness and porosity of the deposit that spalled. If the deposit has been
loosened (by differential thermal expansion) but not removed from the tube surface, the gap
between the deposit and tube surface could become steam-blanketed during operation, and offer a
significant thermal resistance to heat transfer. SEM micrographs showing regions where deposit
has spalled and adjacent areas where the deposit has apparently separated from the underlying
metal are shown in Figure 9. The possibility of having both spalling events and steam-blanketed
regions developing on start up makes the contribution of secondary-side deposit to the RIHT
behaviour very complex.

Figure 9: SEM micrograph showing (a) regions where deposit has spalled from the tube
surface and (b) region where the deposit has separated from the underlying metal
leaving a gap.
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5. SUMMARY

The heat-transfer resistance of a porous deposit can be expressed as the sum of two
contributions: one associated with conduction through the fluid-filled deposit and a second
associated with surface roughness, i.e.,

R = t+Rroughness (7)

This simple relationship appears to hold under both single-phase forced convection and boiling
heat-transfer conditions. Values for K and Rroughness measured in this investigation for both
single-phase forced-convection and flow-boiling conditions are listed in Table 7.

The conductive component of the thermal resistance is always positive. Under conditions of
single-phase forced-convection, the fluid filling the pores in the deposit is water, whereas under
flow-boiling conditions the fluid can be any combination of water and steam. Because the
thermal conductivity of steam is significantly less than that of water, the thermal conductivity of
a deposit of given pore structure will be lower under flow-boiling conditions than under single-
phase forced convection. For copper-bearing deposit from plants with mixed ferrous-copper
feedtrains, the presence of copper serves to increase the thermal conductivity of the deposit.

The effect of surface roughness is to enhance the rate of heat transfer by making a negative
contribution to the total thermal resistance of the deposit. Under conditions of single-phase
forced-convection, surface roughness makes a relatively small, negative contribution to the total
heat-transfer resistance, probably by reducing the thickness of the fluid boundary layer. Under
flow-boiling conditions, the effect of surface roughness on the thermal resistance of a porous
deposit is much more significant. The "boiling enhancement" associated with the presence of the
deposit can arise for several reasons: an increase in the number of re-entrant cavities, an increase
in the effective surface area, and a reduction in the wettability of the surface.

For deposit composed of magnetite, the deposit thickness must increase beyond 18 to 108 jam
before the positive contribution to the thermal resistance arising from conduction through a
porous deposit overwhelms the negative contribution arising from surface roughness for flow-
boiling conditions. During the review of this report, the question was raised as to whether
different amines might affect the boiling heat-transfer coefficient by changing the wettability of
the surface (C. Mewdell, Ontario Hydro, private communication, 1997). In a recent study of the
effect of alternative amines on the rate of particle deposition under flow-boiling conditions it was
observed that the wall superheat at constant heat flux was the same, regardless of the amine used
to control the pH (Turner, et al. 1997). It is noted however, that surface active agents, such as
dispersants, have the potential to both reduce the particle deposition rate and reduce wall
superheat under flow-boiling conditions, and could have a major effect on arresting performance
degradation in nuclear SGs.
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6. NOMENCLATURE

d
E
F
H
L
P
Pc
q
q"
q"'
R
RP

T
X

6
K-e-

Subscripts:

b
d

tube diameter
heater efficiency
mass flow rate
enthalpy
heater length
absolute pressure
critical pressure
power input
heat flux
power density
thermal resistance
surface roughness
temperature
distance from inlet

thickness
thermal conductivity
porosity

bulk
deposit

inner

in
m
o
w

m

kg/s
kJ/kg
m
MPa
MPa
W
W/m2

W/m3

m2K/W
m
Kor°C
m

m
W/mK

inlet
metal
outer
wall
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APPENDIX A

DERIVATION OF THE FORMULA FOR TEMPERATURE DISTRIBUTION ACROSS
A CYLINDRICAL WALL WITH HEAT SOURCES

The heat transfer across a cylindrical wall is described by the following equation (Jacob and
Hawkinsl957):

dT
q = -2iavrL . (Al)

dr
For heat generated uniformly generated inside a cylinrical conductor, with no heat losses, the heat
transferred across a cylindrical plane of radius r is

or

q(r)=nL(rl-r2)q'". (A3)

Substituting (A3) into (Al) and re-arranging gives:

^-(r°~r2)dr = dT. (A4)
2K r

Integration of (A4) gives:

J ° / rdr— j dT. (A5)
,,. 2K r ,, 2K TV,

Thus

(2rln()ro + r]) ^{2d:\n&)d;d), (A6)
4K i K T
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