Journal of the Korean Nuclear Society
Volume 15, Number 8, September, 1983

{Original)

Analysis of Post-LOCA pH for Korea Nuclear Units

Hyung Won Lee - Yung Hee Kang and Jae Hee Kim

Korea Power Engineering Company
(Received July 1, 1983)

] Y=}l so] LOCAA e =2 pH BA

01l - 228 - A&l

5 #7554 5 A
(1983. 7. 1 A%

Abstract

The pH of containment spray and sump water following a LCCA for KNU 5&6 and KNU 1
was calculated to see if pH design criteria of containment spray system established by USNRC
were met. The pH calculations have been made for the two cases; maximum pH and minimum
pH. For KNU 5&6, results showed that long term sump pH values calculated for the maximum
pH and minimum pH case well met the pH requirement of at least 8.5 and spray pH for the
maximum case slightly exceeded the range of design criteria (8.5 to 11.0). For KNU 1, pH
requirement of long term sump pH was also met, however, spray pH value for the maximum pH
case was very largely greater than that of current pH requirement. (No pH requirement of
containment spray water has been established at the time of designing KNU 1) In order to find
the design parametefs of containment spray system which are expected to meet the spray pH
requirement, several calculations were made, by changing the input rarameters to “LCCAPH".
Finally, it was shown that the boric acid concentration in RWST (refueling water storage tank),
which was the primary sources of containment spray water during injection mode, be maintained
the range of 2750 ppm to 2850 ppm, or the flow rate of NaOH added to spray water be kept
between 10 gpm to 24 gpm.
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1. Introduction

The principal purposes of controlling the
post-LOCA (Loss of Coolant Accident) pH are;

a) to minimize the probability of stress corro-
sion cracking leading to equipment failure or
loss of containment integrity,

b) to reduce the iodine inventories in the
containment atmosphere by iodine absorption
and retention under post-LOCA conditions?

These purposes are met by maintaining the
highest possible pH, within materials compati-
bility constraints, but not high enough to cause
any substantial attack on aluminum fittings and
to generate the excessive hydrogen.

This requirement is satisfied by a spray pH
in the range of 8.5 to 11.0 and a long term
sump pH of at least 8. 5%

The alkalinity of the solution is obtained by
adding solutions with a sodium hydroxide con-
centration of 30 w/o or higher from NaOH
tank to the borated containment spray solution
during containment spray system operation.

In this paper, it is attempted to develop
computer program (defined “LOCAPH”) which
calculates pH values for the containment spray
and sump water as a function of time following
a LOCA.

In addition, pH wvalues for KNU (Korea
Nuclear Unit) 5&6 and KNU 1 are calculated
by running “LOCAPH” to examine whether
pH requirements are met for each unit.

2. Theoretical Consideration

The followings delineate the theoretical back-

ground of developing the computer program
“LOCAPH".
2.1. Systematic Theory

The parameters for pH calculation include
volume capacities, flow rates, temperatures, and
chemical concentrations of Engineered Safety
Features (ESF) systems, volume and boric acid
concentration of Reactor Coolant System, and
area & weight of metals for the consumption
of NaOH by metal corrosion.

Postulating single failures of any active com-
ponent in Containment Spray System, system
operating modes are divided into three.

The three operating modes are as follows.

a) two spray pumps operating and addition
of NaOH via two valves.

b) two spray pumps operating and addition
of NaOH via one valve

¢) one spray pump operating and addition of
NaOH via one valve

The Emergency Core Cooling (ECC) follo-
wing a LOCA is largely divided into two
phases (short term injection phase & long term
recirculation phase) by the time Refueling
Water Storage Tank (RWST) is emptied.

Flow diagram of Engineered Safety Features
systems considering these two phases is shown
in Figure 2.1,

2.2. Chemical Theory

2.2.1. Boric Acid Chemistry®

Boric acid is a weak tribasic acid which is
only slightly ionized following the relationship
given by eq. (1) and eq. (2)

Ky '
H,BO;+H,O—H"+B(OH),~ (D

Kis
3H;BO;=—H+-+B;0;(OH),~+ 2H.0 @
The ionization constants (K,;, K,;5) as a
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Fig. 2.1. Typical ESF System Flow Diagram

function of temperature are shown in Figurc
2. 2.

As shown in Figure 2.2, the ionization con-
stant for the first equation is several orders of
magnitude lower than the second.

However, both equations are considered to
preserve accuracy.

Since boric acid is 2 weak acid, the pH at
operating temperatures is only slightly acidic
and is greatly influenced by the pressure or
addition of very small amounts of weak base.

2.2.2. Boric Acid Solution with Eodium
Hydroxide Additive

Sodium hydroxide is added and mixed to the
boric acid solution to partially neutralize the
boric acid and to increase the solution pH.

Since NaOH is a strong base, it is considered
completely dissociated in the solution.

In order to determine pH for the solution,

the water dissociation equation must be consi-

dered.

K,
H,0—==H*+0H~ (3
The temperature dependence of K, is also
shown in Figure 2, 2.

The dissociation constants of eq. (1), (2) and

1978

T T T T 4 1 T
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Fig. 2.2. Ionization Constants (K., K1, and K3)
as a Function of Temperature

(3) can be expressed as follows.
(H*J(OH =K, 4

(HYI(B(OH),~] __
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(H*](B;0;(OH) 4]
(HgBO4J®

where, [Al=molar concentration of ion A
By conservation of boron, eq. (7) is derived
from eq. (1) & (2)

(H;BO;),=(H;BO;. + (B(OH),~]
+3(B:0s;(OH), ] €]
where, [H3BOs],=initial boric acid concen-
tration Ionic balance results in eq. (8)
(Na*] + (H*)=(B(OH), ]+ (B;0;(OH), ]
+[OH"] ®
where, [Na*]=initial concentration of NaOH
since it is a strong base.

Substitution of eq. (4), (5) and (6) into eq.
(7) and (8) results in two non-linear eq. (9),
(10) with two unknowns, e.g. (H;BO;] and

=Kj3 (6)

(HY)
(H;BO,)o=(H;BO;] + K1t %11]303]
SEEEOR
Nary= S S
+ ‘ffﬁj"— (H*] (10)

The simultaneous equations can be solved by
Newton’s method of tangents.?

Simultaneous convergence of non-linear equa-
tions using Newton’s method of tangents
requires that initial values for (H*] and (H,
BO;] be specified which are sufficiently close to
the roots of the equation.

For the first iteration, the following values

are assumed.

1) if (HgBO;Jo<(Nat), then [H*]J= %

2) If (HyBO3Jo>(Nat],

_[Na*]
i) TELBOS, >0. 005,

(H;BO,;]=0. 5 x (H3BO3],

ii) [glNng] <0. 005,

(H;BO;1=0. 99 x ([H;BO;]
then, eq. (10) is put into the form of the
quadratic equation and solved for [H*]
Multiplying both sides of eq. (10) by [(H*]
gives:
(H*)24- (Na*J (H*] — (K1 (H;BOs]
+Kis[H3sBO53* +K.) =0 an
Solving eq. (11), [(H*] gives

(= =N N 4 (K (58O,

+K;3(H;BO5)3+ K.
Since satisfactory [H*] is calculated with

given initial values by iteration, pH is deter-
mined from pH=—log(H*]
2.2.3. Metal Corrosion
The presence of NaOH in the containment
spray and sump solution will result in greater
corrosion rates for metals in the containment.
As sodium hydroxide reacts with the metal,
it will be consumed from the solution causing
a decrease in the sump pH.
The basic corrosion reactions are given by
eq. (12), and (13)
M+2NaOH—Na,MO,+H, 1 a2
where, M stands for zinc and copper.
2A14+-6NaOH«——2Na,AlQ;+3H, 1 13)
where, Al stands for aluminum.
It is obvious that for 1 Ilb-mole/ft>-hr of
hydrogen generated due to metal corrosion, 2

Table 2. 1. Hydrogen Generation Rate for Metals (lb moles/ft’ hr)

Copper

Time (hr) ch F Zinc- Based Palnt ’ Time (hr) Aluminum ‘
0~24 J 1x 10— ‘ 3.43x1078 0~167 5.8x107¢ 6. 051077
24~48 3.83x1077 2.67x1078 167~on 9.8x1078 1.25%x1077

48~72 1.52x 1077 2.67x107® !

72~on 3.98x1078 4.08x1077 !
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lb-mole/ft?-hr of NaOH are consumed.
Table 2.1 gives conservative hydrogen genera-
tion rates as a function of time for various

metal corrosions.5,®

183

3. pH Calculation for Korea Nuclear Units

The pH calculation for containment spray

Table 3.1. Parameter Data for pH Calculation of KNU’s

T I Unit KNU 5&6 KNU 1
T Case T
Parameter \”""“\———‘\‘,\H minimum ! maximum | minimum | maximum
1. NaOH tank
o volume (gal) 3600 4400 3000 4000
o concentration (w/o) 30 30 30 30
o flow rate (gpm) 30 40 35 35
2. CSS
o fow rate (gpm) 3605 2945 1590 1440
o motive flow rate (gpm) 15 15 25 25
3. SIS
o HPSI flow rate (gpm) 1300 300 1670 1400
o LPSI flow rate (gpm) 9000 6000 5840 4000
4. RWST
o volume (gal) 530000 433000 340000 320000
> boric acid concentration (ppm) 2100 2000 2450 2000
o Temperature (F) 92 65 120 80
5. Accumulators
o yolume (gal) 23340 22665 20018 19030
o boric acid concentration (ppm) 2100 1900 2000 1900
o Temperature (F) 175 100 120 120
6. SIT
o yolume (gal) 900 900 8000 8000
o flow rate (gpm) 650 150 1670 1400
o boric acid concentration (ppm) 22500 20000 21000 20100
o Temperature (F) 175 155 175 155
7. RCS
o yolume (gal) 66650 66650 49215 49215
o boric acid concentration (ppm) 1100 100 1100 100
o LiOH concentration (ppm) 0.7 2.2 0 0
o Temperature (F) 550 590 550 590
8. metal area & weight
o Zn area (ft2) 70800 0 0 0
weight (1b) 8840 0 0 0
o Al area (ft?) 38 0 317 0
weight (lb) 218 0 903 0
o Zn paint area (ft2) 261620 0 0 0
weight (1b) 8500 0 0 0
o Al paint area (ft2 0 0 10000 0
weight (Ib) 0 0 110 0
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and sump water followixlg a LOCA for KNU

1 and KNU 5&6 has been made for the follo-
wing two cases.

3.1. Parameter data for pH calculation for
KNU’s

3.1.1. minimum pH case

In calculating the minimum pH, the following
assumptions are made:

a) maximum boron concentration and volume
of Refueling Water Storage Tank (RWST),
Safety Injection Tank (SIT) and accumulators

b) maximum flow rates of Safety Injection
System (SIS) and Containment Spray System
(CSS)

¢) boron concentration in BOL (Begin of
Life) of Reactor Coolant System (RCS)

d) minimum volume, concentration, and flow
rate of sodium hydroxide

e) consideration of pH reduction due to
corrosion Table 3.1 presents the design para-
meters used for minimum pH calculation for
each unit.”,%®

3.1.2. maximum pH case

In calculating the maximum pH, the following
assumptions are made:

a) minimum boron concentration and volume
of RWST, SIT and accumulators

b) minimum flow rates of SIS and CSS

¢) boron concentration in EOL (End of Life)
of RCS

d) maximum volume, concentration, and flow
rate of sodium hydroxide

e) no consideration of pH reduction due to
corrosion. Similarly, design parameters for ma-
ximum pH calculation are given in Table 3. 1.

3.2. Calculation results

Several computer runs are made by inputting
the parameters given in Table 3.1 to “LOCA-
PH".

The results of the calculation for KNU 5&6
are illustrated in Fig. 3.1.a for the maximum
pH case and Fig. 3.1.b for the minimum pH

case, comparing with the FSAR pH values.
Also, Fig. 3.2 shows the pH history as a
function of time following a LOCA for KNU 1,

4. Discussion and Conclusion

For KNU 5 & 6, as shown in Fig. 3.1.a
and Fig. 3.1.b, long term sump pH value
calculated by “LOCAPH” is 8.62 for the
minimum pH case and 9. 10 for the maximum
pH case.

Theses values are met with the pH require-
ments of at least 8.5,

The spray pH value varies in the range of
9.13 to 9.54 for the minimum pH case, and
this is well within the pH limits of 8.5 to
11.0. For maximum pH case, the range of
spray pH value (9.9 to 11.38) slightly exceeds
that of design criteria.

Nevertheless, it is thought that the change
of design parameters is not needed because of
the high conservatism given in calculated reults.

For KNU 1, as shown in Fig. 3.2, long
term sump pH value is 8.59 for the minimum
pH case and 9.07 for the maximum pH -case,
which also meets the pH requirements.

The spray pH value is 10.9 for the minimum
pH case and 12.4 for the maximum pH case.

Maximum spray pH of 12, 4 for the maximum
pH case exceeds considerably that of current
pH requirements.

In order to satisfy this, it would be necessary
to change the design parameters for KNU 1.

In fact, there are five parameters which
influence the spray pH value such as boric acid
concentration of RWST, flow rate and concen-
tration of additive NaOH, and flow rate and
temperature of containment spray system.

The change of NaOH concentration, which
is definite parameter having an effect on the
long term sump pH, is not considered, since

long term sump pH value for the minimum pH
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case nearly meets design criteria. And the
change of CSS flow rate is also not considered,
because it’s not desirable to replace containment
sptay pump.

In this paper, the temperature of CSS is
fixed at 80°F and 120°F for the maximum and
minimum pH dase, respectively. Two alterna-
tives are suggested to implement the design
change as follows.

1) Change of boric acid concentration in
RWST

The first alternative is to change the boric
acid concentration in RWST.

The change of the borc acid concentration
in RWST influences not only spray pH value
but long term sump pH value.

Therefore optimum value of boric acid con-
centration in RWST is searched for, considering
maximum sprdy pH value for the maximum
pH case and minimum spray and long term

Table 4.1. pH Values for Change of RWST Con-
centration

\Concentration (PPI;‘X) B ‘ 7
~ 2700 | 2750 | 2800 | 2850

Case 7 T—

Spray } maximum | 11.05 11.01| 1L.0 | *
‘ minimum ES 10.60, 9.95 9.91
Sump maximum 8.87) 8.86] 8.84 *

minimum * 8.52 851l 830

(*: Value to previously meet design criteria)

sump pH for the minimum pH case.

Table 4.1 shows spray pH values and long
term sump pH valuse for each case as a func-
tion of boric acid concentration.

It is shown that the pH requirement is
satisfied with a boric acid concentration in
RWST in the range of 2570ppm to 2850ppm.

2) Change of NaOH flow rate

As the second alternative, the change of
NaOH flow rate is taken into account.

Since the long term sump pH is hardly
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Table 4.2. Spray pH Values for Change of NaOH

Flow Rate
~ flow ratef T T
~ (gpm)} 9 | 10 23 | 24 | 25
ase T |
maximum | % | # ’ 10.9 11.0] 1L.6
minimum 8.48| 8. 59| * * *

(*: Value to previously meet design criteria)

influenced by the NaOH flow rate, spray pH
values are only considered.

Spray pH values as a function of NaOH flow
rate are given in Table 4, 2.

This table indicates

consists of maintaining NaOH flow rate between

optimum pH control

10gpm and 24gpm.
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