CHAPTER III
EXPERIMENTAL

3.1 The Experimental Loop

The model developed is used to predict the corrosion rate of 95 feeder
pipes of the nuclear reactor at Point Lepreau Nuclear Generating Station. The
diagram of feeders is shown in Figure 3.1. This model is also used to predict
corrosion rate of the probes in the test loop as illustrated in Figure 3.2.

The purpose of this test experimental loop, is to study flow-assisted
corrosion so it is called the FAC loop. The FAC loop simulates the primary
coolant loop of a CANDU reactor, so the conditions in the experimental loop
and in the CANDU reactor at the plant are as similar as possible. Temperature

is 265°C and 310°C for inlet and outlet feeders, respectively.



0y

t 4
\ l ;
( 5 ‘o
, is
'I LR
| ~ s 7
203
/ @ 4 i 133338500 3 3
a6 o
- Eo:ao 2
2263
Sasn
s | ggga
— 3
—— : o
ot T Rl < 33"’
——===]
ezt e X 3
: | it S
- e
\ ” S
" | =2 O
w0 + @3
! -\ R
L3y
-L;,———
L}:7~___ .4
.-'/-‘. 5
—/-’.
._I
-//

) } .
(R N ‘

REACTOR OUTLET HEADER
REACTOR INLET HEADER
FEEOER TUOE SPRING HANGERS
CALANOHIA END SHIELD FACE
SUPPORT BRACKETS

WALKWAY

END FITTINGS

BOILERS

INSULATION CABINET

BOILER SUPPORT COLUMN

Figure 3.1 Diagram of feeders in the CANDU reactor.
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Figure 3.2 Experimental loop.

The coolant is pumped from the reservoir to the heater and the
temperature increases to 265°C (the same temperature as at the inlet feeders).
The coolant flows to the SS unit which saturates the coolant in dissolved iron,
The HC heater is an inert unit and acts as the reactor core in the plant, so the
coolant temperature is 310°c after passing this unit. The coolant which has the
same conditions as the coolant in outlet feeders flows from HC heater unit to
the test loop. In the test loop, there are three kinds of probe that represent
outlet feeder pipes in the CANDU reactor: 1) tube probes, 2) wire resistance
probes and 3) ultrasonic probes. All probes are A106-B stainless steel, the
same material as feeders in CANDU reactor.

1) The tube probe has a geometry close to the feeder pipes. Therefore,
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the tube probe is better than for demonstrations geometric effects. The metal

loss can be obtained by measuring the electrical resistance of the probe and a

calculation by Eq.3.1.

Qe |
S

Figure 3.3 The tube probe in the test loop.

K = £J : (3.1)
where R = electric resistance
D = resistivity of the probe
1 = the length for tube probe
A = ¢ross sectional area.

For tube probe,
A=T7T(r*-

where ro outside diameter

fi inside diameter.
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From Eq.3.1, the resistance is inversely proportional to the cross

sectional area or the tube. Electrical resistance can be directly related to metal

loss.
2)The wire resistance probe is a carbon steel wire fixed inside a

zirconia tube giving an annulus. To evaluate metal loss, the same method as

for the tube probes is used and metal loss can be directly related to change in

resistance.

y fo Mcttr

Figure 3.4 The wire probe in the test loop.

3) The ultrasonic probe in the FAC loop is shown in Figure 3.5. The
coolant flows in the titanium tube, and passes a jet orifice which strikes the
A106-B carbon steel coupon. The thickness change of the coupon is measured
by a device called a transducer. This technique is also used as an on-line

device to measure the thickness of feeders ofthe CANDU reactors in the plant.



Figure 3.5 The ultrasonic probe in the test loop.

3.2 Model and Mechanisms

In this model, there are many mechanisms affecting feeder thinning.
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Figure 3.6 Mechanisms of corrosion of feeders.
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3.2.1 Corrosion
At the metal surface, there is the corrosion of carbon steel. Iron

metal is changed into iron ion form. There is current flowing because of this

change. To evaluate the current, Itis necessary to develop the electrochemical

equations.
Fe+H2 Fe(OH\ +2e~+2H + (3.3)
£ 1=0.14- 1.98 X10'4T -pH +4.31 X1cr5T -In[Fe(0H)2] (3.4)
01 = . el (35)
[°t=nF h Texp® AGA IFIRT" Fe{oH2exp, RT '
Ty e |- p)nF
-t B o)) -on-U I E-5))|

3.2.2 Precipitation of Dissolved Iron
There is dissolved iron after corrosion takes place. Some of
dissolved iron precipitates and forms magnetite at the metal/oxide interface.
This oxide replaces the volume of corroded metal. The remained of dissolved

iron diffuses through the oxide and forms outer oxide at the oxide/solution

interface.
Fe(OH\ -+ "Fedd+"H ++|e" +1# 2 (3.7)
£62=-0.75-1.98 X107 T-pH -\ 292 x10°4T -In[Fe(OH\] (3.8)
AoA v, exp(Ap . (3.9)
12= 102 €XP /‘:’QHTF (e - EG2)] - exp”- fe - £62)j (3.10)

At the metal/oxide interface, the volume of oxide replaces the

volume of metal loss. Thus,

The amount of oxide that forms at this interface =m — (I- (3.11)
pmetal



The amount of iron in the oxide = f'm . A . (1. ) (3.12)

" metal
where m = the amount of metal loss per unit area (g/cm3)
Pox = density of oxide (5.2 g/cm?3)
pmetal = density of metal (7.86 g/cm3)
9 = porosity
f = mass fraction of iron in oxide (0.723).
Hence,
the remainder of dissolved iron - m - 0.476/w(1 —¢) (3.13)

3.2.3 Dissolved Iron Diffusion
The dissolved iron that does not form oxide at the metal/oxide

interface will diffuse through the pores of the oxide film to the oxide/solution
interface.

Fick’s law, given

C
_D ( Cos| (3.15)

For diffusion through the porous media,
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In this case, there are two layers of oxide with difference in
porosities. The amount of mass flux (J) through each layer is equal.

Cc-¢C

J 3.17
$eff 0 (8.17)
D' Deffo
Neff - ) (3.18)
0

From Eqs.3.13 and 3.14;

0476)(1.101+0) =" - (O¥C] o)
Pol, p 0Jo(l-</>0)
where J = mass flux (g/cm2 )

ddT = metal loss rate per area (g/cm2 )

Deff = effective diffusivity (cm2s)

fAFe = iron diffusivity (cm 25)

T = tortuosity factor

b = porosity
Seff = effective path length

5 = the amount of oxide in oxide layer per unit area (g/cm2)
cCw = dissolved iron concentration at wall (cmVs)

= dissolved iron concentration at oxide/solution interface
(cmVs).

3.2.4 H? Evolution
H2evolution takes place at both the metal/oxide interface and
the oxide/solution interface.

2H¥+2e~->1]2 (3.20)
Eer =-1.98 « 10UT opH - 431 10 5r 1in[//2] (3.21)
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K, =nFkT*(-AG -Hilll B, exp[- (3.22)

TR TR S O O S0 (3.23)

At the metalloxide interface, H2 evolution can be caused by
corrosion and precipitation.

e oA
The amount of H2from corrosion M\AIF[e it 3.58 X10-2 (3.24)

dt

The amount of H2from precipitation =

= %) (- 1)
Pfu dt
= 5.66X10~3-é\t-(l- (f) (3.25)
where MW h2 = molecular weight of hydrogen (2)
MW Fe = molecular weight of iron (55.85)
MWoxide =

molecular weight of oxide (231.55).

Total H2at metal/oxide interface = 3.58 x10 ZAdf +5.60X 10 3Et (I- <
v

= 5.66x 103 (7.32 -(f)

" (3.26)

3.2.5 H? Diffusion

It is assumed that 90% of the produced H2 at the metal/oxide
interface diffuses through the metal(Tomlinson, 1981). Therefore, only 10% of

the generated H2 at this interface diffuses through the oxide layer to the
solution.

The amount of H2diffusing through the film =01x5 66x10 3 t(7.32-9)

(3.27)



58

Thus,

. AN (7.32-0) = 2 S 3.28
5.66 X104 (7.32-0) T (3.28)

PoA (i- )+ PoA0"-k),

3.2.6 Mass Transfer of H? to Bulk
The amount of H2 diffusing to oxide/solution interface will

transfer to the bulk coolant.

4C-<,-C ,>5 66x]<rdn(7.32-(!S) (3.29)
From Eq.3.29,
Cowr =C 1 5.66X10-7(7.32-%) (3.30)
From Eq.3.28 and 3.30,
C™, =¢\, +566x10°47 (7.3 2 - f] 4 — coemmmmmrorenes \ (3.31)

Ferrell and Himmelblau(1967) measured the diffusivity of H2
at temperatures between 100Ct0 55°C. From their work, the diffusivity of H2
can be obtained by Eq.3.32.

AN
Dh = 22x10%r exp! 12100) (3.32)
where DH = diffusivity of hydrogen
R = gas constant (8.314 J/mol K)
T = absolute temperature (K).

The mass transfer coefficient (h) for hydrogen in pipe flow can be
determined by Eq.3.33.

Bh = 0.02 Re"8Sc% (3.33)
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3.2.7 Oxide Dissolution
W hen the system IS unsaturated as for the outlet feeders, oxide

will dissolve into the solution. To calculate the dissolution rate, Eq.3.34 is

used.
dissolution rate = kdF*(Csat-Cos) (3.34)
where F* = surface area factor
Csat = solubility concentration
Cos = concentration at oxide/solution interface.

The value of the dissolution rate constant varies with
temperature. Using Tremaine and Leblanc(1980) as well as Balakrishnan
(1977)" work, the expression for kd calculation as a function of temperature is
obtained at pH25c of 10.2.

kd =exp(-3569/T +0.0879) (3.35)

The solubility of magnetite is the maximum amount of
magnetite that can dissolve into the solution. The solubility is a function of
temperature and pH. The value of solubility can be obtained by Tremaine and
Leblanc’swork(1980), Figure 3.7.
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Figure 3.7 Solubilities at 523K and 473K (Tremaine and Leblanc, 1980).

3.2.8 Mass Transfer of Dissolved lron to Bulk
Dissolved iron at the oxide/solution interface will diffuse to

the solution when there is a concentration gradient between the oxide/solution

interface and the bulk solution.

rate of dissolved iron transport to bulk =h{c0S-Cch) (3.36)

where h = mass transfer coefficient.

the correlation for the mass transfer coefficient for pipe flow with

diffusivity of 4.1 x KT4cm 2s is evaluated by Eq.3.37.

fab)
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h=6.37X10° w1a (3.37)

where velocity (m/s)

o
1

diameter of pipe (m).

Iron at the oxide/solution interface is transferred to the bulk
solution. This results in abulk concentration change along the feeders.

The balance for iron in a cylindrical pipe shell;

a2, 8C. ( d?2 d
—Ax—"- - = -nCh= +7 Axh(cS-Ch 3.38
L Cb4U B4 — ( ) (3.38)
Dividing Eq.3.38 by — Ax;
A L= . A = 3.39
of ~F o S S (3:39)
3.2.9 Erosion
Coolant I

Figure 3.8 Erosion of oxide.

The erosion of outlet feeders is caused by the velocity of
coolant. The high velocity affects high wall shear stress in the feeders.
Therefore, time for the spalling of particles from the oxide s small. The oxide
thickness is lower when the velocity is higher. The time for erosion events

depends not only on velocity or shear stress but also on the size of the particle
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and the porosity as well as dissolution. The correlation of this time is

expressed in Eq.3.40.

264C (240
where = proportionality spalling (erosion) constant
d = diameter of particle to be removed (pm)
Vv = velocity (cm/s)
IS = porosity
kd = dissolution rate constant (cm/s)
AC = concentration difference between solubility

concentration at surface (g/cm3).

In the saturated system as from inlet feeders, there is no

dissolution. Thus, the Eq.3.40 is rewritten for saturated system as,

sd

t:v2® (3.41)

For the size of spalled particle, Lang (2000) proposed a
reciprocal distribution of particle size. A small particle is removed from the

oxide layer more often than a large particle.
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Figure 3.9 Size distribution(Lang, 2000).
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Shear stress for tube probe with fluid velocity of 10m/s, from

FLUENT (Supa-Amomkul, 2001).
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Figure 3.11 Shear stress for tube probe with fluid velocity of 20m/s, from

FLUENT (Supa-Amomkul, 2001).

The time for erosion event is also affected by the velocity that
causes the shear stress in the feeders. FLUENT, the Computational Fluid
Dynamics (CFD) code, is used to determine wall shear stress along outlet
feeders and probes in the test loop.

Figures 3.10 and 3.11 are the shear stress distribution along the
tube probe at fluid velocities of 10m/s and 20m/s, respectively. These
distributions were computed by using FLUENT code (Supa-amomkul, 2001).
Itis indicated that the high wall shear stress takes place at the entrance for both
tubes, due to the high velocity gradients in this region. The higher wall shear
stress in Figure 3.11 than in Figure 3.10 indicates that higher velocity yields in

higher shear stress. From the difference in wall shear stress at different areas
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the shear stress enhancement is added in the denominator of Eqs.3.40 and 3.41.

This enhancement is the ratio of the local shear stress to the shear stress at fully

developed flow.

3.2.10 Overall Equations
The oxide layer will protect the metal surface from corrosion,
therefore, a thick oxide layer reduces the corrosion rate of the metal.

The inner oxide thickness is obtained by an iron balance on the

inner layer.
Oxide growth = precipitation - dissolution - removal term (3.42)
0723~ =0.476"(1 - #)- |, kdF'{Cst-¢c j- BpHI) 2 (3.43)
where 5i = the amount of oxide in inner per unit area
Aj = 1when Csa™Cos and 8j* 0
= Ootherwise
B = removal constant ((gFe/gH.0) sicm)

= velocity (cm/s).

For the outer oxide layer thickness;

Oxide growth = -dissolution - removal term (3.44)
0.7237-=-Xk -0 - BpHD (3.45)
where 50 = the amount of oxide in outer per unit area
AO = Owhen Csa>C0 and 80=0

1 otherwise

Concentration at the oxide/solution interface can be

determined from Eq.3.28;
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c,=cC.-0.476"(1.101 +~ (3.46)
Fe Pattib-h)* Pcxtoh-to).

At the oxide/solution interface, the iron balance is as Eq.3.47;

diffusion + dissolution = mass transfer (3.47)
0.4767(1.100+" +4,F-(C,,-C,)=14C,-Q) (3.48)

From Eq.3.48;
¢C = A. N . '.|./\'+/\ 1+ 1 349
h+kal§*\/0476at(1 loi+Aj+~rc.l+he (3.49)

Eq.3.49 can be used to calculate Cos, the same as Eq.3.46. Let

Eq.3.46 equal Eq.3.49, then the corrosion rate expression is obtained as

N A \
w o~ | + VvV kdF c¢*> +hCh'
4 \h +kdF | (3.50)
T ( . O
04767101 + ) e A X

| © Kpax+iv - *1) pm*ov-K)) *+kdF 3
Since the model mentioned above is complicated with electrochemical
calculation. There are many ideas about electrochemical effect. The new
model that based on reaction and mass transfer was proposed (Steward, 2000).
This new model did not concern with electrochemical calculation. It is

described in appendix E.

3.3 Computation

The primary coolant loop is divided into segments The boundary of

each segment is called a node. For the outlet feeder, there are seven nodes for
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the entrance section, the first bend, down stream of the first bend, and four

nodes along the straight pipe, Figure 3.12.
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Figure 3.12 Computational segments in the loop.

The probe in the test loop, can he divided into two nodes for the outlet
and none for the inlet. This is due to the length probe and the less complicated
geometry.

In this computation, the time dependence of the bulk concentration can
be neglected hecause the coolant flows around the loop in a short period of
time. Furthermore, the corrosion of carbon steel is not sensitive to time
increments of seconds, except in the initial stage when the corrosion rate is
very high. The data input for feeders and variables are attached in appendix A.
Visual Basics in Microsoft Excels program is used for computation. The
program code is in appendix B. The program for the probe is attached in

appendix c.
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