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Abstract

In this study, an integrated boration and dilution (INBAD) model is proposed to predict the
required makeup flowrate for RCS boron concentration change and to analyze the boron
concentration behavior at each subsystem within the RCS including CVCS during boration
and dilution operation. The INBAD model is constructed by integrating an existing neutronic
code and a boration and dilution model. The boration and dilution model has been developed
for our specific purpose using the one—cell model and multi-cell model. In addition, in order
to assess the boron concentration behavior more realistically, two important features such as
variable pressurizer heater output and optional makeup mode (either direct or indirect injec-
tion) are implemented in this model.

In order to demonstrate the usefulness of this model, the boron concentration behavior
analysis at each subsystem were performed for both direct and indirect injection mode using
YGN 3 and 4 design data. Also, the effect of pressurizer heater output on the primary loop
boron concentration was investigated. The results showed that the boron concentration
changes can be predicted accurately at each subsystem during boration and dilution operation.
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1. Introduction

During nuclear power plant operation, reactivity
may be changed resulting from changes in reactor
coolant temperature, fuel burnup and xenon con-
centration. Control rods and soluble boron are
used for reactivity control. However, the use of
control rod is restricted during power maneuver-
ing due to the limitations on rod insertion and
axial power distribution. The boron control system
is used to provide reactivity compensation for fuel
burnup. Additionally, it can be and is used to
compensate for some or all of the reactivity effects
that are resulted from power maneuvering situa-
tions such as startup operation, shutdown opera-
tion and load following operation.

Adjustment of the reactor coolant system (RCS)
boron concentration is basically made through the
“feed and bleed” operation. For normal dilution or
boration, the makeup water, either boric acid
and/or demineralized water, is introduced into the
volume control tank (VCT). The makeup water is
mixed with letdown water in the VCT and is in-
jected to the RCS through the charging pumps.
For emergency dilution or boration, the makeup
water is injected directly to the RCS through the
charging pumps.

Several models have been proposed to investi-
gate the behavior of RCS boron concentration
during nuclear power plant operation in pressu-
rized water reactor (PWR). One-cell mode[1],
which treats the RCS including CVCS with a sing-
le diffusion cell, has been used to derive boration
and dilution chart. This chart is generally used by
operator in commercial PWR to calculate the re-
quired makeup flowrate in changing RCS boron
concentration. Mathieu and Distexhe [2] presented
a multiple-cell model that took into account prim-
ary loop, pressurizer, and VCT as an instan-
taneous diffusion cell and connecting pipes as a
time lag line. They showed that this model can

predict more accurately the required makeup
flowrate as a function of time to achieve the prim-
ary loop boron concentration predicted by neutronic
code. However, Mathieu and Distexhe model re-
quires that reactor operator should control the
makeup flowrate very frequently in order to
achieve the required boron concentration in the
primary loop.

In this study, an integrated boration and dilution
model is proposed, which utilizes one—cell model
to predict the required makeup flowrate in chang-
ing RCS boron concentration and multi—cell mod-
el to analyze the boron concentration behavior at
each subsystem within RCS including CVCS. This
new integrated boration and dilution model allows
the reactor operator not only to realistically and
quickly determine the amounts of makeup water
but also to easily and accurately predict the boron
concentration behavior at each subsystem during
RCS boration and dilution operation.

2. Integrated Boration and Dilution (INBAD)
Model

The INBAD model is constructed by integrating
an existing neutronic code and a boration and
dilution model. The boration and dilution model
has been developed for our specific purpose. In
addition, in order to assess the boron concentra-
tion behavior more realistically, two important fea-
tures are implemented in our model. They are
variable pressurizer heater output and optional
makeup mode (either direct or indirect injection).
Figure 1 illustrates the overall calculation sequ-
ence for the analysis of boron concentration be-
havior in the various subsystem within the RCS
including CVCS.
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Fig. 1. Overall Calculation Sequence

2.1. Neutronic Model

For a given initial burnup and reactor power, a
critical boron concentration is calculated using the
VISIONS code(3,4]. In this code, power distribu-
tion is calculated in 3—dimensions using a neutro-
nic coarse mesh model based on the modified
one group diffusion theory. Appropriate feedback
contribution due to moderator temperature, fuel
temperature and xenon concentration changes are
included. In addition, the xenon—iodine equations
are explicitly solved during xenon time stepping
calculation. Also, the VISIONS code is used in
order to calculate the reactor power for the diffe-
rent RCS boron concentration predicted by the
multi—cell model.
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2.2. Boration and Dilution Model
2.2.1. One—cell Model

The one-cell model is used to determine the
total amount of boric acid or demineralized water
that must be added to the RCS for the purpose
of changing the boron concentration by assuming
the RCS including CVCS as a single control
volume. Employing the boron balance around the
control volume, the following first—order linear dif-
ferential equation is derived as

dCrcs
WRCS dl;c

=mMnCin~MyuCres {1)

where,

Wrcs : total reactor coolant mass including the

CVCs
Crcs : RCS boron concentration
Cin - makeup boron concentration to be injected
to the control volume
my, : makeup flowrate to be injected to the con-
trol volume

Moy : ejected flowrate from the control volume
Solving Eq.(1) by assuming that the injected
flowrate is equal to the ejected flowrate (that is,
my, =me,=m), the RCS boron concentration is
expressed as

Cres=(Co—Cin) exp(~mt/Wges)+Ci, 2)

where, Cg :initial boron concentration

From Eq.(2), the required total makeup volume to
change the RCS boron concentration is expressed
as

C,—C
Vin=k Wgcs In( 2

Co G @

where, C;: final boron concentration
k : unit conversion constant
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2.2.2. Multi—cell Model

When the makeup water determined by
one—cell model is injected into the RCS, the diffu-
sion process of the makeup water in the various
subsystem can be simulated by the multi—cell
model. In this model, primary loop, pressurizer
and VCT are modeled as an instantaneous diffu-
sion cell and connecting pipes as a time lag line
as shown in Figure 2.

In the time lag line, if the boron concentration
at the inlet of the pipe is known, the boron con-
centration at outlet can be determined by the fol-
lowing relationship.

Cout(t) = Cin [t— Y(t)]
with 7()=W(1/D(t) @

The above equation means that the boron con-
centration at the outlet is simply delayed by a lag
time 7(t) with respect to the inlet boron concen-

33

In the diffusion cell, the mass balance equation
and the boron balance equation around the con-
trol volume can be written as follows.

dM(t)
dt

= Din(t)-Dout(t) (5)

d
& IMIC(t)] =D (t)Cin(t)
—Dout(t)cout(t) (6)

By assuming that water mass and boron concen-
tration within the control volume are constant dur-
ing time interval At, Eqgs.(5) and (6) can be de-
rived as follows.

M =M+ (D ~Dg,) At (7)
Cn +1 —
[(D5.Ch~DouChud—CNDy Do) At+MPHICP &)
Mn+ 1

The solution of Egs.(7) and (8) represents the

tration. boron concentration at each subsystem.
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Fig. 2. Geometrical Multi-cell Model
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2.2.2.1. Pressurizer Thermal Hydraulic Model

A simple pressurizer model is employed as
shown in Figure 3 in order to calculate the flo-
wrate at the spray line and the surge line, which
will be used in the diffusion model (see Section
2.2.2.2). In this model, the vapor phase of mass
M, is in equilibrium with a liquid phase of mass
M, The total mass of both phases is

M=M,+M, )

The total enthalpy is
H;=Mh,+Mh,, (10)

where h; and h, are enthalpies of liquid and vapor
at a saturated state. The total volume is
Ml Mv

Ve=—1+
lol ‘ov

=Constant, (11)

where £; and P, are mass densities of liquid and
vapor at a saturated state. From Egs. (9), (10) and
(11),

dM, Py dM 1 dM,

dt dt r dt

£ (12)
ith r= i
wi o= p.

and
dH, e, dM L dM
at P h) g =
(13)

Py
ith h* =h~—h,
wi | o,

For an isobaric process, the mass balance equa-
tion and the thermal balance equation in the
pressurizer can be expressed as

LM b 14
r odt 2 e 14)
, dM,

h _QH‘QL-*_Daha_Dehl- (15)

dt
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where,
Qy : total heating output of the pressurizer
heater
QL : heat loss rate from the pressurizer
h,: enthalpy of liquid at the pressurizer spray
line
From Eqs.(14) and (15), the flowrates at the surge
line and the spray line are derived as follows.

_ Qy—Qr—h* *dMy/dt

D. hi—h. .
1
with h"”"=h*—7ha
1 dMm,
Da=De+T mdt (17)

By assuming that the pressurizer water level is
maintained at its programmed level at any time,
the dM;/dt can be calculated using the relationship
between the average RCS temperature and the
reactor power as follows.

Tavg)=T.+(Ty~T.) X Power(t)/ 100 (18)
Mln—Mlo
Ml(t) = Mlo + _Th—_—fc_— [Tavg(t)—Tc] (19)
dM, _ MpHi-mp 00
d  at 20
spray line
ba Da
/1
— / | AN
, //"v"”il“v AN
i — My oy
) /\/\/\/L_____ ],
h De

surge line

Fig. 3. Pressurizer Model
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where,
T., Ty, : average RCS temperatures at zero pow-
er and full power, respectively
M,,, My, : pressurizer liquid masses at zero pow-
er and full power, respectively
Tauglt) : average RCS temperature at time t

2.2.2.2. Diffusion Model

A VCT

The VCT is modeled as an instantaneous diffu-
sion cell containing a water mass Mycr{t) and a
boron concentration Cycr(t). In the case of in-
direct injection, the mass balance equation and
the boron balance equation can be expressed as

dMycrlt)

g~ Da)+Di(t)+ Dn(t)-Dp(t) (21)

d
I [Myer{t)Cucrit)]

=Dy(t)Cq(t) +Ds(ICslt)
+ Dinlt)Crn(t)=DpCucrlt). (22)

By assuming that Mycr and Cycr are constant
during time interval At, Eqs.(21) and (22) can be
derived as follows.

M & =Mer+(D5+ D2+ DR, —Dj) At 23)
D3C3+DRCy+ DinChy) At+M54:CY
C"%T:( aCd ) verCler o4,

M"$dr+ (D3 + D0+ D) At
In the case of direct injection to the charging
pump, above equations can be expressed as fol-
lows.

M =M{cr+ (D3 +DD At (25)

_ (DYC+DICD at+ M Chcy

26
M 3d;+ (D3 + D7) at (26)

B. Charging Line

" The charging line is modeled as a single time
lag line containing a constant water mass. The
boron concentration at the primary loop inlet can
be expressed as follows.
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In the case of indirect injection,

Ciplt)=Cycrlt=7p(t)]
. (27)
with 7,(t)=W,;,/D,(t)

In the case of direct injection to the charging

pump,

Ciplt)=Cpy [t— 73p(t)]

with 7,()=W;,/D,(t) @7)
C. Primary Loop

The reactor vessel and the RCS loops are mod-

eled as a single instantaneous diffusion cell. This
cell contains a water mass Mgcs(t), which is a
function of average RCS temperature, and has a
uniform boron concentration Cges(t). This model-
ing can be justified, since the lag time of RCS
loop is relatively small (about 3 seconds for reac-
tor vessel and about 6.2 seconds for RCS loop in
the case of YGN 3 and 4) compared with other
time lag lines (an order of several minutes) and
the injected water into the RCS is fully mixed in
the upper support structures of the core. The mass
balance equation and the boron balance equation
can be expressed as follows.

dMgcst)

at  Delt)+Deft)

— [D4(t) + Dyt)+Da(t)] (29)

d
dat [Mges(t) Cres(t)]

= Dp(t)clp(t) + De(t)ce(t) (30)
— [D4(t) +D(t)+D,(1)] Creslt)

By assuming that Mgcs and Cges are constant
during time interval At, Eqs.(29) and (30) can be
derived as follows.

M" s =Mgcs + (D +D;—D3-DI-Dj) At (31)

(DRCR, +D3C) At+M"kdsChes
M kés+(Dp+DY) At

+1 __
C'res=

(32)
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D. Pressurizer

The pressurizer is modeled as an instantaneous
diffusion cell containing a saturated vapor of mass
M,(t) and zero boron concentration. The saturated
vapor is in equilibrium with a saturated liquid of
mass M{t} at a uniform boron concentration
Cpzr(t). The mass balance equation and the boron
balance equation can be expressed as follows.

aM(t) _ .
dt =D a(t) - De(t) ( )

d
G [Mi(t)Cpzr(t)]
=D,{t)C,(t)—D.[)C,(t) (34)

By assuming that M| and Cpzg are constant during
time interval At, Egs.(33) and (34) can be derived
as follows.

MP* 1 =M+ (D3-Dj) At (35)

n+l _
C PZR—

((DAC2-D2CH—-Chz(DA-D )] At+MP*IC

M +1 = (36)
1

E. Spray Line

The two spray pipes are modeled as a single
time lag line containing a constant water mass.
The boron concentration at the pressurizer inlet
can be expressed as follow.

C,{t)=Cpcs [t—7.(1)]

with 7,(t)=W,/D,(t) w7

F. Surge Line

The surge line is modeled as a time lag line
containing a constant water mass. The boron con-
centration at the surge line can be expressed as
follow.

C.()=Cpzrlt—7.(t)]

with 7,(t)=W,/D,(t) 38)
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G. Letdown Line

The letdown line is modeled as a time lag line
containing a constant water mass. The boron con-
centration at the VCT inlet can be expressed as

follow.

Caft)=Cpes [t— 7 4(t)]

with 7 4(t)=W,y/D4(t) (39)

Also, when the VCT water level is increased
above the level setpoint, the letdown line is mod-
eled to divert the letdown flow to the waste man-
agement system.

H. Seal Injection Return Line

The seal injection line is modeled as a time lag
line containing a constant water mass. The boron
concentration at the VCT inlet can be expressed
as follow.

C,(t)=Chpes [t~ 7,(t)]

with 7(t)=W,/D,1) 40)

3. Calculation Results

The boron concentration behavior at each sub-
system was analyzed for both direct and indirect
mode by an integrated boration and dilution mod-
el using YGN 3 and 4 design data[5]. Also, the
effect of pressurizer heater output on the primary

loop boron concentration was investigated.
3.1. Indirect Mode

As an initial condition, critical boron concentra-
tion at 50% power, middle of cycle (MOC) and all
rod out (ARO) condition was calculated using the
VISIONS code. The calculated critical boron con-
centration was 579.8ppm in this case. The total
makeup volume required for the dilution of 10
ppm was calculated using one—cell model as
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1010.5 gallon. When the demineralized water was
injected through the VCT at a rate of 16.84 gpm
for 1 hour, our model predicted the boron con-
centration changes at each subsystems as shown
in Figures 4 and 5.

As shown in Figure 4, the boron concentration
at VCT is rapidly decreased at the beginning.
However, after 1 hour, it starts increasing due to
the higher borated flow returning from letdown
line and seal injection return line, and reaches to
the equilibrium condition approximately after 4
hours. At the inlet of the primary loop, the boron
concentration changes with 2 minutes lag time
with respect to the VCT.

Figure 5 shows the boron concentration
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changes at the primary loop, the pressurizer and
the VCT inlet. At the primary loop, the boron
concentration initially decreases and reaches
570.03 ppm at equilibrium condition, which is in
a good agreement with the anticipated boron con-
centration from one-cell model, 569.8ppm. The
boron concentration at the pressurizer was calcu-
lated with the maximum heater output (1800KW)
as shown in Figure 5. The boron concentration at
the surge line changes with 2.3 minutes lag time
with respect to the pressurizer. The lag time of
letdown line, seal injection return line and spray
line are 12.2, 4.8, and 2.5 minutes with respect to
the primary loop, respectively.

Figures 6 and 7 show the boron concentration
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behaviors at each subsystem at 100% power, be-
ginning of cycle (BOC) and ARO condition in the
case of boration at a rate of 8 gpm for 30 mi-

nutes.
3.2. Direct Mode

Figures 8 and 9 show the boron concentration
behaviors at each subsystem in the case of direct
dilution through the charging pump at a rate of 10
gpm for 10 minutes at 50% power, MOC and
ARO condition. Because the demineralized water
is injected directly to the primary loop through the
charging pump, the boron concentration at prim-
ary loop decreases rapidly during dilution and,
then increases very slowly due to the returning
flow from the VCT. AT the VCT, boron concentra-
tion decreases slowly in accordance with the prim-
ary loop. The boron concentration behavior at
other subsystems shows the same trend as the
indirect mode.

3.3. Effects of Pressurizer Heater Output

It is important to minimize the boron concentra-
tion difference between the pressurizer and the
primary loop during boration and dilution opera-
tion, since the primary loop boron concentration
can be affected due to the surged flow from the
pressurizer after the completion of boration or
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dilution operation. This boron concentration
change in the primary loop leads to a power
transient, which will be an additional burden to
the reactor operator to maintain the constant
power.

Figure 10 shows that the boron concentration
difference between the primary loop and the
pressurizer strongly depends on the pressurizer
heater output. When the heater output is in-
creased manually during RCS boration and dilu-
tion, the spray flow is increased in order to main-
tain constant RCS pressure and the water in the
pressurizer is surged into the primary loop in
order to maintain the programmed pressurizer wa-
ter level. Consequently, the boron concentration
difference is reduced via recirculation between the
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primary loop and the pressurizer as the heater
output is increased. Based on our analysis, it is
concluded that the pressurizer heater output needs
to be at its maximum during RCS boration and
dilution to minimize the power transient after
boration and dilution operation.

4. Conclusions

An integrated boration and dilution model has
been developed to predict the boron concentra-
tion changes at each subsystem as a function of
time. The results showed that the boron concen-
tration calculated by the multi-cell model at
equilibrium condition was in a good agreement
with the anticipated value from one—cell model.
Therefore, it is concluded that this INBAD model
can predict the boron concentration behavior
accurately at each subsystem for various boration
and dilution operation. This model allows the
reactor operator to predict the boron concentra-
tion behavior easily and accurately at each subsys-
tem within RCS including CVCS, which provides
a valuable information for power maneuvering.

However, in order to apply this model to actual
operation such as startup, shutdown, and load
follow situation, complete benchmark calculation
should be performed to verify further this model
using actual test data during YGN 3 and 4 startup

test.
Nomenclature

C=boron concentration
D =flowrate
M=water mass in control volume

T=temperature

W=water mass in pipe
t=time
h=enthalpy

P=mass density

Y =time lag

Subscript

RCS =reactor coolant system
VCT=volume control tank
PZR =pressurizer

a=spray line

d=letdown line

e=surge line

1=liquid

m=makeup

p=charging line

s=seal injection return line

v=vapor
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