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Abstract

During power plant operation, the flow rate from the CVCS makeup system is estimated
using the continuity equation and mass balance equation, when the primary loop boron con-
centration change is required due to the power transient.

For this purpose, primary loop, pressurizer and VCT(volume control tank)(in CVCS) are
modeled by three control volumes which contain each mass and boron concentration. Con-
necting pipes between primary loop, pressurizer and CVCS are also modeled by time delay.

Calculation for 14-2-6-2 (power 100-50-100) load follow case (at EOL, for KNU 7) is

made using these models.
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M3o, Mzg: pressurizer water mass at zero &
*Nomenclature* full power(1bm).
T;(1): average primary loop temper-
Mo, Mg primary loop mass at zero & full ature(F).
power T cold leg temperature.
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AT temperature difference between
zero & full power.

h, M, V. total enthalpy, mass, & volume of
pressurizer.

h, M; p,: liquid phase enthalpy, mass, &
density of pressurizer.

h,, Mz, P, vapor phase enthalpy, mass, &
density of pressurizer.

h,: enthalpy of water in cold leg (Btu/
lbm).

Q. heating power of immersion hea-
ters (Btu/sec).

Qe heat loss rate from pressurizer
wall.

Fs: letdown flow rate (gpm).

Fio: seal leakage return flow rate.

Fi1: seal leakage flow rate to RCP
(reacter coolant pump).

Fg: flow rate to charging pump.

Fo charging flow rate to primary
loop.

C: concentration {(ppm)

T: time constant (min.)

M: mass of coolant (lbm)

W: mass flow rate (lbm/min.)

(*Each substription for above nomenclature fol-
lows by region explanation (Table 1).)

1. Introduction

During reactor operation, changes in the reactor
coolant boron concentration are required for the
following conditions: reactor startup, load follow
operation, fuel burmmup and cold shutdwn. The
chemical and volume control system(CVCS) con-
trols the change in concentration of the chemical
neutron absorber(boron). Especially during the
load follow operation using the SPINR method (a
kind of load follow operation) which maximizes
spinning reserve capacity {part of the difference
between full power rating and percent power rat-
ing which is reliable in the event of a sudden large

demand for power), the boron concentration of

the primary loop may be changed by large
quantity.

In CVCS, boration and dilution modes are
switched to permit the addition of preselected
quantity of makeup water {of boric acid). So, the
total amount of makeup water should be deter-
mined when the change of the primary loop
boron concentration is required during power
transient.

As a result, if the boron concentration in the
primary loop varies, boron concentration in con-
trol volumes and pipes and makeup water should
be known to compensate for the reactivity change
in the core.

Table 1. Region explanation.

Number explanation

1 primary loop (including all primary system ex-
cept pressurizer & CVCS)

2 pressuizer spray line
3 pressurizer
4 pressurizer surge line
5 CVCS letdown line
6 CVCS volume control tank (VCT)
7 CVCS maekup line
8 CVCS charging line (to charging pump)
9 CVCS charging line (to primary loop)
10 CVCS seal leakage retum line
11 CVCS seal leakage charging line to primary
laop (pseudo)
D  CVCS departure point (between charging &

seal leakage line)
S CVCS suction collector {to charging pump)

1. Modeling of Each Region

2. 1. Primary loop
The entire primary system except pressurizer
and CVCS is modeled as a single control volume
which diffuses instantaneously and contains water
of mass, M; and boron concentration, C;.
2.2. Pressurizer
The pressurizer is modeled as a control volume
and two time delay lines, i.e. spray and surge line.
It is surposed that the vapor phase is in equil-
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brium with the liquid phase and is saturated at
costant pressure and temperature.
[p=2250psia, T=652.7 F}

Spray line, pressurizer and surge line contain
water of mass My, M; and My, respectively, and
bormon concentration in the pressurizer is assumed
as C. The heaters in the pressurizer inner volume
supply the electric heat energy and loss rate from
the wall is assumed as zero.

2.3. Chemical and volume control system (CVCS)

CVCS is modeled as one control volume, i.e.
volume control tank (VCT), three time delay lines
which are letdown, charging and seal leakage line,
and makeup systern.

It boration is needed, boric acid of 4 weight
percent(w/o) is surged into the coolant, while pure

water is inserted in the case of dilution.
3. Governing Equations

3.1. Mass Calculation

The water of the primary loop and pressurizer
can be calculated from the temperature difference
(AT) fraction if initial mass at zero power (or load)
and mass at full power (or nominal load) are
known. The average primary temperature increase
linearly with the core percent power (Fig. 2) and is
used as input data.
A. At primary loop volume(1)

The governing equation is

(T -T2

M;{t) =M;o+ (Mir—M;0) N (1)

B. At pressurizer volume(3)

The calculation Scheme is the same as for the
primary loop case, and the mass changes accord-
ing to average primary femperature.

(Tl (t) - Tc)

M;(t) =Mzo + (Msr—Mgo) AT

2

C. At VCT colume(6}
The reactor makeup control system{(RMCS)

maintains the proper reactor coolant inventory,

and the VCT water inventory is maintained
(normaly around +5%) by makeup control func-
tins, following that the mass at VCT{Mg) is con-
stant in normal operation.

3.2. Flow Rate Calculation

The flow rate is calculated at each line in
pressurizer(2,4) and CVCS (5,8,9,10,11). The flow
rate at makeup line{(7) is calculated as a purpose
of boration/dilution.

A. pressurizer.

In normal condition, the pressure in the press-
urizer is maintained automatically and isobaric
process can be assumed. So, the spray and surge
flow rates are calculated from the heat and mass
blance equations for the isobaric process.

First, the total enthalpy, mass and volume equa-
tions are written as follows;

hy=Mzh, +Mz,h,, {3)
Mt = M3 + M3v , and (4)
Vi=Ms/p |+ M3/ P, )

Secondly, using constant total volume, the dif-
ferential equations for the total mass and enthalpy
are obtained by liquid phase mass differential

term;
dv, 0 6
’Et —V, ( )
dMs £y dMz,
R @
From this,
dM, —a £, dM; 3
a0 @)
dh, h o dM;
_dt’——{\“(pv € Jhy &
= h* dM, 9
=h* = 9)
and

h¥=h—(o /0 )h,.

Thirdly, the thermal and mass balance equations

become respectively, as follows;
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Fig. 1. Proposed Modeling
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Fig. 3. Programmed Water Level in Pressuirzer.

dM;

*
h dt

=Qc— Qe+ Wy(thh,— Wy(th,. (10

dM;
(1*(:0.,//0,))Tzwz(t)—w4(t)- {11)
Finally, from the above equationst, he surge
flow rate is

QC—QF*(h*"“-“' pv/P [)ha)(dM3/dt)

Wyt)= B —h)

12)

and the spray flow rate is
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Fig. 2. Araveage Primary Temperature vs. Core Per-
cent Power,

Fig. 4. CVCS Flow Balance.

Wot) =Wyt +(1—(p ./ 2, }[dMs/dt)

B. CVCS
The charge and letdown functions of the CVCS
are employed to maintain a programmed water

(13)

level in the pressurizer (Fig. 3) by means of the
continuous feed and bleed process. In this paper,
all bleed processes are made by one letdown line
and all feed processes by a charging line and a
pseudo seal leakage charging line.

From the flow rate balances at nodes 8 and 9
{Fig. 1) the following relations can be attained.

Fg==F1y + Fs, (14)
and
Fo==F5 —Fy3, (15)
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where F5, Fig and Fi; are determined from the
CVCS flow balance (Fig. 4) in normal operation.
3.3. Calculation of boron cocentration
A. Transfer function
In any pipe (line), we can claculate the outlet
concentration from the inlet concentration if the
transit time constants of the pipe are known as

follows:
Cin=Courlt+ = (1)}, (16)
or
Cour=Cl(t— 7 (t)). (17)
where, 7 ()=M/W(t)
B. Calculating equations.
a. pressurizer circuit
a.l. spray line
At inlet,
Ci(t)=a+bt, (18y

where a and b are constant for t € [t, t+ At],
and at outlet,

Cot)=Cqlt— 7 o)l =u+wt,
with 7 5(t) =Mo/Wo(t), (19)
where u and v are constant for t € [t, t+ At].

a.2. pressurizer

The boron mass balance in the liquid phase is

% M5{t)Cs(t)} =Wa(t)Calt) —Walt)C5(t), (20)

with initial condition, Cs(tg)=Cso.

If M3 is constant, Wo=W,, and Eq. (20) is writ-

ten as

7 3 {dCs(t)/dt} +Ca(t)=u+vt. 21)
Then the solution becomes
Calt)= {Cao—u—vlto— 7 3)}
exp |—(t—to)/ T 3} +u+tvlt— 7 3). (22)
If My=Z3+Qst, Eq. (20) is written as
(7 3+ AOACAdt)+( B +1)Ca=(u+vt). (23)

Then the solution becomes

\%

Calt)=[C30— @ lﬁ*‘m

T3 .
(to—ﬁ)} ] {Ma(to)/Ms(t)} (24)

u v Y3 |
+a{ﬁ+1+2ﬂ+1\t ﬂ+l'}’

where
T 3=Z3/W4(t), a =WQ/W4(t)’ :3 =Q3/W4(t),
e=(8+1V/B.
a.3. surge line
Ca=Calt— 7 4{t) with 7T ,40=My/Walt). (25)
b. letdown line and volume control tank (VCT)

b.1. letdown line

C5=C1(t— T5(t))=C+dt with T 5(t)=
Ms/Ws(t).

b.2. VCT
As each of pressurizer and VCT is one control

(26)

volume and the mass of liquid phase in VCT is
constant, the equation for boron concentration in
VCT is the same form as Eq.(22). So,

Co= {Ceo—c—dlto— 7 6)f .
exp {—(t—to) 7 ¢
+c+dit— 76, 27
with initial conditions, Ceo=Cgftp), and 7 4(t)=
Mg/Ws(t).

c. Charging and seal leakage line
c.1. charging line to primary loop

The concentration at the outlet of the charging
line is calculated from the boron and mass ba-
lance in the primary loop. The boron balance equa-
tion is

d
H!Ml(t)cli =W,4(t)Cqalt) + (Wo(t) +

Wi1(1)Colt) — (Wa(t) +
Ws(t)Cy(t). (28)

In the above equation, the boron concentration
at the inlet of seal leakage line (node 11) is sup-
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posed the same with that at the outlet of charging
line(9). It is possible because the two lines have
the same initial boron concentration at (Fig. 1) and
there is little difference in the time constant.
The mass balance equation is

d

—Mi)=Wy(t) + Wo(t) + Wy;(t)

dt
— Walt) — Wi(t). 29

It follows that

Myt 1G] =WalCal)) — C1(0) + Wol) +
Wit X(Colt) — Cy()). (30)
If we solve for Cg (t), the solution is

M, (t) {dCy(t)/dt}

C9(t)=C1(t)+7W9(t) T WHT

Way(t)

+m(cl(t) — Cylt)).

(31)

c.2. departure point

Cylt)=Colt+ 7 oft)} with
T o(t) =Mg/Wigt).
c.3. charging line to charging pump

(32)

Calt)=Cqlt+ 7 g(t)) with
T g(t) =Mg/Wyg(t).

c.4. seal leakage return line

33)

Coth=Cylt+ 7 10(t) with
7 10(t) =M;o/Wioft).
d. suction collector

(34)

The balance equation at the suction collector is

Wi(t) Wiolt)
Colt)=Coy 10 Wyt
(Wg(t) —Wi(t) Wio(t)
=S wWan " Clo(t)*wg’(‘t)—‘. (35)

If we arrange above equation about Cilt), it be-
comes

Wiolt
cs<t>=c8(t)+(%l°”-

Wt + Wyt (Ca®—Caolt).

(36)

C: calculation
C: calculation
—C< calculation

Ei; calculation

N 1
[(‘4 calculation HCH supposing }
Cs calculation

G calculation

Eh calculation

(s calculation

J
€ =12000 YES

L

Ev calculation L

Fig. 5. Flow Chart.

3. makeup line

The: balance equation including makeup line is

Ws(T)Cy(t) =W7(t)C{t) + (Ws(t) —Wa(t)Celt). (37)
If we arrange about Ws(t), it becomes
Ws(tH(Cs(t) — Ce(t)
W="""c,_cqm
or
Ws(t(C(t) — Cel(t) 38)

= (Cr=Calt)

with C=12000 ppm(=4%) if Cs>Cs {boration)
0 ppm if C5<<Cg(dilution).
Where pg: boron density [=37.456 lbm/ft’),

F,: flow rate at makeup line [ft*/min.].
4. Results and Discussion

The: following case is claculated;
*14-2-6-2- load follow case
—control method: SPINR method

—plant . Korea Nuclear Unit 7 (KNU 7)
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Fig. 8. Boron Concentration Change vs. Time (ji).

—power 100-50-100(%)
12000(MWD/T)

1 hr (from 10:00-11:00 at 1st

—burnup
—time interval :
day)

—boron mode : dilution.

[ UNIT : ppm ]
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5

165
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155 4 : primary loop

2 : outlet of spray line

3 : pressurizer

4 : inlet of surge line

5 : outlet of letdown line
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Fig. 7. Boron Concentration Change vs. Time (i).

{ Unit : ft¥k3/min. )

FLOW RATE

TIME ( MIN.) 60
Fig. 9. Boron Make up Flow Rate.

The one hour between 10 and 11 o’clock at 1st

day is selected because of noticeable change in
the critical boron concentration for the dilution
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mode.

During the one hour of load follow operation,
the calculation is made in detail with time step of
2 minutes. Through this time interval, the boron
concentration and makeup flow rate are calculated
by the sequence shown in flow chart(Fig. 5). As
the primary loop boron concentration changes by
11.85 ppm(Fig. 6), the total fow rate is calculated
as 332.3 ft3[=2486 gallon] according to the fol-
lowing relation,

TOTAI FLOW RATE = 3W' * TIME INTERVAL
where, W' makeup flow rate at i step

The boron concentration at contro! volumes
and pipes during one hour is shown in Figs. 7 and
8, and the makeup flow rate in Fig. 9. The model
used in this paper is distinctive by supposing seal
leakage charging line to primary loop and it
makes flow calculation in CVCS more accurate
and easy. We used the postulation that the heat
loss rate in the pressurizer wall is zero, but it is
possible that a little heat loss occurs. However, we
should be cautious, because the heat loss rate has
great effect on the evaluation of surge and spray
flow rate in the pressurizer.

‘There exists difficulty in calculating the volumes
in CVCS pipes due to structural complication.
Therefore, some improvement should be made by

making it more realisticglly.
5. Conclusions

By using developed models, we deduce the fol-

lowing conclusions for the load follow operation
analysis.

(1) While primary loop boron concentration is
changed by 11.85 ppm, total makeup flow rate
inserted is 332.3 ft.

(2) The time needed for circulating the CVCS,
i.e. CVCS time constant, which sums time con-
stants of letdown line, VCT and charging line ex-
cluding seal leakage return line, is about 30 mi-
nutes.

(3) There is linear trend in change of boron
concentration in the pressurizer compared with
others whose shapes are stepwise the pressurizer
behaves as a capacitance as shown in Fig. 3.
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