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Distribution of pH values in a model simulating the secondary side of a steam generator
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Abstract  [Background] The corrosion of the secondary circuit has remained a challenging problem influencing
the security and efficiency of a nuclear power plant. In an actual operation, an amount of alkalizer is usually added
into the secondary circuit water to adjust its pH value to alleviate the corrosion of the pipelines. However, the very
complex real working condition results in a significantly inhomogeneous distribution of the pH values, and the

enclosed nature of the secondary circuit have frustrated various efforts to control the precise pH values at some key
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sites inside the circuit. So far, pH values around such key locations have been roughly estimated by either external
simulating experiments or by using patented commercial software of foreign companies. However, it is difficult for
such external simulations to take into account the various important working conditions. [Purpese] This study aims
to develop a method without specific assumptions or uncontrolled approximations to calculate the distribution of pH
values in the secondary circuit under its working conditions. [Methods] Firstly, the complex and repeated structure
inside the steam generator was simplified and simulated by using one direct tube model. Except for the length, the
other geometrical dimensions, support plates as well as the tube material etc. were chosen to be as similar as possible
to the actual ones. Then, all temperature-dependent equilibriums involving H' in water solution of the secondary
circuit were considered with additional consideration of the equilibriums of the alkalizers in the gas and liquid
phases. As an essentially field quantity defined on the space of the secondary circuit, these pH values together with
other relevant parameters, such as temperature, fluid velocity efc. were depended on the position coordinates, and
were calculated by using the finite element method coded in the COMSOL package. Finally, the boundary conditions
of flowing rate and temperature of the water at the inlet were set as 1.0 m's™ and 543.2 K, respectively, and the
pressure at the outlet was set as ~6.8 MPa, a stepwise linear heat flux model was used to simulate the thermal energy
transfer from the primary side to the secondary one. The bubbly-flow model was used to simulate the actual steam-
water fluid in the secondary side, which was assumed to be in a steady state working condition. [Results] The
calculated pH field under the working conditions shows clearly an inhomogeneous distribution, e.g. ApH = ~ -0.6
from z = 0 to 3.8 m, due to the influences of the tube support plates, the temperature and the heat transfer, efc. The
investigations on the ammonia/ethanolamine (ETA) binary alkalizer with different total concentrations of various
NH,/ETA molar ratios show a better enhancing effect of ETA over ammonia for the pH value (ApH>~0.14), and
reveal a saturation effect (molar ratio NH;: ETA< ~1:4). [Conclusions| The distribution of the pH values in the
realistic working conditions can be calculated without resorting to empirical formulae and uncontrolled
approximations. The developed method and the calculated results provide valuable information for solving the
corrosion problem in the secondary circuit. The method and the model can be extended to simulate the more realistic
conditions of a nuclear power plant.

Key words pH value, Alkalizer, Finite elements simulation, Corrosion, Secondary circuit

IR B e — . — Al B 1) JE B, 1%
EHAEZ b agiriairdew B, KRR
B H RGN R &L — FEHR T
B %K pHAE /N T 9.6 B, 8 T8 AR ¥ £ 2 BB
J& i, AR A ) ol ) 2 3 R VROR AR AR
15 IR PRGN, 5 30 = RN K I 52 B BRI 46 44 &%
KB AT IE R AR . 2 RS K
AR B B T, v pH B B — (] B 7K 2 B i R
PE . — MBS 5 78 300 °CHY LR UE — [A] 2%
KAk pH A 2 E 7E 6.6 LA L (BRI B R A 7K pHAH
RSOBAEED . M IRMKIREAEE 538
BRI Ab A 8 A e 2 X, LIRS RG22 Kk
A TS DR T 2 e A 2% e 0 DX el v R P R T 1T,
O pH AE R A AR AL, — M /K AR I 2 Hb 7 1) pHLAEL
IR R R, B KA TE I % . N T IRE R IE
JEE A YR DU, 75 BAE — [B] R 25 /K AL I N BRAL 7
VTR RV R AE AR R ) pHAH , PR IEIX 28 [X 45
B A A pHAE , AT B 1k 818 R A4 . A
I, BF 50— 81 B 7K A AN TR B AR pH B 20 A 2 H AT A

i fpE DR XTSI [

AT, o R 20 % vl SR FH A b 77 ok
IR AR T IVE R M. RimE TR
VEROK , ¢y it NSO 2 S0BUH pHAE G OF B
FR) 7K PR ~F 2 5 8 A L ) T v D AR IR ik 2 9
W pHAE T s N R E . LRER I KT
HRCROR M TR BE R T e pH AELR T, 9F HAR
Wy e R BN . BEAE IR BT, K AT i
AL 5 AR B AN BURR . AR T B s Y 2 I e e 1
HOr B = A O A . Bk, M 1% Rk oF
U1 RS LR IR S A E AL FRIOR 97 b L ph
KR B L 1] e

H B A I 78 AR il S0 (0 D5 90T 7 1 sk
PFIR B TE AR JE I B B ATl i
B 2153 ) B R o ) Y 7SS P T 5
AR, O B R AT 9B A6 5 i 2 FH B 43 1 4
o SR H T IR B SE PR DLAR H =%, 0 T AE
1AL R AR AVE S SRRSO AL VB NSk A
SRS JR AR ) pH B e T SE 3t AT I, AT

110602-2



MRS ARVROR AR 2R AN pH 43 AT (B AL 5T

A % [l 7K pH A 14 SI256: H AN B HEfff S e B 51
PRV E A () SEBR T, A1 43 5256 25 Tk e v
ik B K o 5 S e A A pHABLAR . PRI, B S
RN AN S AR LT B

Ferng 25" 5: T 2 FLA UL YR H A R T 7
THE T AR TR 2875 R A AL 4b — [ml B 7K 1)
F IV AL B G iU R TS WA K= AP T = 8 (= B
PRSNIG S SC . P 2SN IE A R AR
OB IT T S5 Fh R BP0 T 2873 R A AL G 1)
TR D3RR, FoUT 515 21 1AL SRR RN, g 25 2
RN IAL R E R BRI E NSS4t T 5% . 8K
iR O SN A R T T A e A (O e 2
(PCS4.0) ifF 5T 7 4% 2 vk — [n] % &R 4 3 2258 0 7
25 °CH} I pH B K B A AL 7 B 52 m o 322 54 S
At AL IR s ML AT S T R R R A6 A 3
M DAVPAL T 55 45 S A0 AUURE B, 3 DU AR i
T E . JEERATFTA, B A E A E s = 2L A

B HAZ H v [A]E ZR 4 R T ol ) A N
TF 5T, pH AH 1 73 A1 A2 06 20U AR 1R 1) — A S B 2 1] 8t
1M H AT S b R A, — TR B R B 5E 4k
BT IR IR A N 2256 8 20, 55— 5 T, SRR
BB 5 4 8 T Ak, 0 A @l LSt R e e, A
SCEEENL T S AL ) R B K R BB T2
Vi) 2 A O 1) ey P oG &R, it — Dl A IR ooy
EBEFT T B K R R 35 53 A DA R R T
SRR, T AR pHAB > A o AR TAEWEFE T AT A B
— ml P R T A . AR A SRR TR A W)
WHIRZR, FAUNHE T 1 55 SRR I B — Ikl
KA pHAE R 43 A o SCHR ST T EAMEET T
RO K TR B S B TR v ) pH 20 A o 3 —HIF 50 N PEAG

12 Ll - [m] % P pHAEL ) 70 A G243 1B IR 42
1 1RE

HIRRAESRE T HRBR I AERE S SR
VR () R R [0 1 AR AR/ (500 (1) BE 2D /0N, 3 DA SE
A RSTRUE R . B RE R 28R R AR A BB 1
AR, R BT 2 B E R T AR R A s pHE
RG> BRI 7T, 1 2 SE R K BB 9120 R
AR SCR AT EAE B, AL T B X
s K b pH AR B 0 AR . LA AR _E 0~3.8 m AL EL
B MR TR S, iR B SE RV R A A R I
TEMA IE BNl m 2 m M3 mab i B 7S
B, B AARTE R A BB 1Z88 B 6 iR 1%
FRAE IR O 282 B BRI 7S B A B L P A A A
P — TR A KR SZFERR 7 A B X IR . AR 48 SE B
FH 3 28 7R R AE B AR VE B ST, et DU AR AR RS
B - 42N 19.05 mm, B BEJE N 1.09 mm, HEB &S
JE 9 3.80 m, & [E] #E N 30 mm. B4R HVE O R =
&0 U — i iz KN — MK TR, H AR
EEE ) — A BB — KT M. i AT
TN 5 1A T TR T8 5 A B — I 1 R S LA 43 0
BN /4 E 2N DD IE Y 90° IR 9IAE 6 s Ab /5 A
2 P A AV R i A K T T X 3
SCHERR GIE AL IX 30 , HE B8 30 mm. B 1K
X 355 SCHEAR A — R K % AT . 1 A A
(TR X 3 gt 7K L MR 4R P 1 AR o 1 L AT o
AT DATT 50 S AR P A TR APURI AR DL S — Al 7K
RS . 5 BEAFRL 5 B N Inconel690, #4 K} J& 1 A
KBHMNFEK1.

®1ERE ERMEBER M

Table 1 Physical parameters of relevant materials

Mok SRR 1 JE #4745 Heat capacity at constant R
Material Thermal conductivity / W+-(m'K)"'  pressure /J-(kg'K)™ Density / kg-cm™
Inconel690 17 524 8091
304SS 19 505 7746
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Secondary Side Inlet

Secondary Side Outlet

R=9.525 mm, /=15 mm
20=120°, £pB=30°

1 B RURUR R, RS 20 i DX 3 oA R R A i 1 (A €80l — R MK, B €0 0 SCHEARO CRA 68 L I 2% )
Fig.1 Diagram of straight pipe model, the area enclosed by the thick solid line is the cross section of the model (the grey part
denotes the water in the secondary circuit, the blue part denotes the tube support plate) (color online)
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Table 2 The dissociation constant and relative volatility of NH, and ETA at different temperatures

fif B9 %, $X Dissociation constant

ABXIHE & & Relative volatility

)% Temperature / K 298.15 425.15 573.15
Z NH, 475 5.10 6.67
ZEEZ ETA 4.5 4.82 6.20

298.15 425.15 573.15
30 9.55 3.31
0.01 0.09 0.33
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Table 3 The calculated concentrations of NH, and ETA in the secondary circuit model with c+c, = 4.56 mol-m™*"

NH,:ETA ¥ 5 [ i Tt 8:1 1:0

The assumed concentration ratio (NH, :ETA)

41 2:1 171 1:2 1:4 1:8

Al NH R 4.05 4.56

The assumed concentrations of NH,, ¢, / mol'm™

AR ETA R E 0.51 0

The assumed concentrations of ETA, ¢, / mol'm™

3.65 3.04 2.28 1.52 0.91 0.51

0.91 1.52 2.28 3.04 3.65 4.05

TE : A LTS i [0 ATRR T SRR 1 AR R 5.59 L

Note: (D In the geometric model, the total volume of the second circuit with that of the supporting plates deducted is 5.59 L
F4 BIREALS mol-m HES ZEEARIHIRE L TE_RIBER PR E

Table 4 The calculated concentrations of NH, and ETA in the secondary circuit model with ¢,+c, = 1.8 mol'm™

NH:ETA ¥ B T e b 1:1 1:0 8:1 4:1 2:1 1:2 1:4 1:8
The assumed concentration ratio (NH, :ETA)

- [A] i NH R 0.9 1.8 1.6 1.44 1.2 0.6 0.36 0.2
The assumed concentrations of NH,, ¢, / mol'm”

ZIE B R ETA WREE 0.9 0 0.2 0.36 0.6 1.2 1.44 1.6
The assumed concentrations of ETA, ¢, / mol-m™

23 fRRATRE SR TR

7K S| F COMSOL Multiphysics H () 837 Al
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PIAE A AR I E S, 3EF UL BB, R LR

ZEVRR A AR AR T b UMK I A o 3 2 P Ot
PR RER A A -

LGV By =my(19)

L Bupt b))+ T - (Bopu, + dipa) = 0(16)
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Table 5 Thermodynamic parameters of water in its gas and liquid states

#7122 % Thermodynamic parameters WA Liquid 1540 Gas
% J% Density / kg'm™ 740.25 —

Lt #4425 Specific heat capacity / J-(g-K)™ 5.3962 1.990 6
WA 5h 7% Dynamic viscosity, liquid phase / Pa-s 9.138x10°° —
53 A L Thermal conductivity / W-(m-K)™ 0.569 1 0.048 7

3 WEFHMaE N
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Table 6 The boundary values of main parameters

141 5¢ Boundary KA Type HE Value
A H(z=0 m) Inlet IKAESE / mes™ 1.0
IKIIEE / K 543.15
4 1(z=3.8 m) Outlet KL EH / MPa 6.81
{& 3 BE Heat transfer tube wall PIE R/ W-m? 170 000~10 000z (0<z<3.0)

170 000~30 000z (3<z<3.8)

4 LHREE
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1 1 1 1 ]
0 0.5 1.0 15 20 25 3.0 35 40
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Velocity / m-s™
(b) 4178
1.5 mm 2.0 mm 2.5 mm
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w W o2 . A . |
f ’ 12
JONI0E 2O |
, 4 0.8
_a f‘ - 0.6
/\ /\ ™ \ /\ ¥
0.2
v 0.05
Velocity / m-s™
2 © A178
2.05 .
2.04 S 1.6
2.01 g 12
2.00 B 1.0
1.99 [
1.98 5 0.8
1.97 3 0.6
1,96 =
1.95 04
1.94 02
1.93
1.92 v 0.05
-0.10 —0.05 0 0.05

2 BIFFURIAL oh TR O KA AR T
(a) AN [H) e B A A T ) P, (b) 2= 1.5 m, 2.0 m, 2.5 m
AR T 4 A 5 (o) z = 2.0 m FRHE A a) 50 T T AR
A F T AL B (b) R R 2k
Fig.2 Calculated distribution of the fluid velocities in the
secondary circuit model

(a) Average velocity over cross sections at various heights,
(b) Velocity distributions on three selected cross sections at z =

1.5 m, 2.0 m, 2.5 m, respectively, (c) Velocity distribution on
the longitudinal section nearby a support plate at z =2.0 m, see

the dashed line of (b) for the location of the section
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