MATEC Web of Conferences 220, 08004 (2018)
ICMSC 2018

https://doi.org/10.1051/matecconf/201822008004

Improved model of Advanced Heavy Water Reactor(AHWR)for Control studies

Girish Gokul', Sreyas Rajgopal Shimijith?, and Bijnan Bandyopadhyay®

1Systems and Control Engineering,Indian Institute of Technology (Bombay),Mumbai—400 076 India
2Bhabha Atomic Research Centre, Trombay, Mumbai—400 085, India
3Systems and Control Engineering,indian Institute of Technology (Bombay),Mumbai—400 076 India

Abstract. This paper presents a modified version of coupled neutronics - thermal hydraulics model of Ad-
vanced Heavy Water Reactor (AHWR) for control studies. Earlier reported models assume, for the sake of
simplicity, that the steam drum level and pressure are being strictly regulated at their respective set points,
thereby neglecting these dynamics. However, such models are not suitable for analysis / controller design for
the normal mode (load following mode) of operation of AHWR wherein the demand power setpoint is adjusted
with respect to fluctuations in steam pressure. The work reported in this paper bridges this gap by including the
steam drum pressure and level dynamics in the model. This leads to a model suitable for investigating control
related aspects of all operational modes of the reactor. Efficacy of the proposed model is demonstrated through

nonlinear simulations.
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1 Introduction

The Advanced Heavy Water Reactor(AHWR) is a 920
MW (thermal)nuclear power plant designed to facilitate
the timely development of Thorium based technologies for
the future. Several innovative passive safety features have
been incorporated into this heavy water moderated, boiling
light water cooled, natural circulation reactor [1]. Natural
circulation of two phase coolant, to remove thermal en-
ergy from the vertical core, large physical dimensions of
core and the resultant possibility of ’flux tilt’ make it im-
perative to develop a mathematical model of AHWR from
a control engineering perspective. Neutronic as well as
thermal hydraulic aspects of AHWR modelling have been
elaborated in [2-5] and a model with 90 state variables has
been derived under the assumption that pressure and water
volume in steam drum are strictly controlled. Earlier re-
ported models assume, for the sake of simplicity, that the
steam drum level and pressure are being strictly regulated
at their respective set points, thereby neglecting these dy-
namics. However, such models are not suitable for analy-
sis / controller design for the normal mode (load following
mode) of operation of AHWR wherein the demand power
setpoint is adjusted with respect to fluctuations in steam
pressure. The work reported in this paper bridges this gap
by including the steam drum pressure and level dynamics
in the model.

The mathematical model of the reactor core aims to es-
timate the spatial neutron flux and power distribution un-
der steady state as well as transient operating conditions.
Nodal methods, wherein the reactor core is divided into

relatively larger mesh boxes (nodes), have been success-
fully employed to capture the dynamics of reactor cores
[6, 7]. It has been shown that in the case of AHWR, a
subdivision into 17 nodes is optimal for capturing the es-
sential linear system properties and steady state power dis-
tribution. Consideration of the thermal hydraulic aspects
owing to the usage of boiling light water was brought out
in [1]. The thermal hydraulic modelling aspect of steam
drums has been covered in [8] wherein a simple fourth or-
der nonlinear model has been derived from first principles.
A preliminary 9 node non linear model of AHWR was in-
troduced in [2] based on a similar approach of considering
mass and energy balances of steam drum and riser sec-
tion. A refined nodal model was presented in [3]. In [4]
the nodal model was clubbed with the thermal hydraulic
model and linearized around the full power operating point
and the spatial stabilization of the reactor core was ex-
plored. An alternative thermal hydraulic model clubbed
with a point kinetic neutronic model was introduced in
[9, 10].

The linear model introduced in [4] has been adopted
for evaluation and comparision of different control strate-
gies. A resolution of the model into three time scales based
on singular perturbation analysis [11] followed by design
of a composite controller as well as Fast Output Sampling
methods were explored in [12]. In [13] sliding mode con-
trol based on a two time scale approach has been applied to
the linear model introduced in [4]. Periodic Output Feed-
back Technique was applied to the model in [14]. Model
order reduction techniques have been applied to the lin-
earised model of AHWR in [15]. A comparision of the
order reduction techniques is also included in the same.
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Table 1. Notations

| Symbols Subscripts
Q Thermal power h;  Enthalpy
C Neutron precursor conc. I Todine
I Iodine concentration Xe Xenon
Xe Xenon concentration h Node number
H % ’in’ position of control rods d Downcomer
Jol Reactivity f Feed water
B Delayed neutron fraction r Riser
Appy Coupling coefficient s Steam
A Half life w  Water
Yy Fractional fission yield c Vaporization
oy Fission cross-section
pI8 Absorption cross-section
1 Neutron life time
o Microscopic cross-section
kito ks  Polynomial fitting coefficients
q Mass flow rate
u Internal energy
v Steam drum volume
Vo Steam drum water volume
Ve Channel volume
X Exit mass quality
Xavg Average exit mass quality
K Constant for control rods’ motion

The cardinal assumption adopted in [4] was that steam
drum pressure and water volume are strictly controlled at
their respective set points. In other words, the present
model of AHWR with 90 states does not capture the pres-
sure and water volume changes in the steam drum. How-
ever, in order to analyze the normal mode of operation of
AHWR wherein pressure changes lead to the readjustment
of demand set point for reactor power, it is essential to
have a model which captures pressure and water volume
dynamics. In this paper we include the steam drum pres-
sure and water volume as state variables to extend the non-
linear model and simulate the responses.

The rest of the paper is organised as follows. Section
2 presents an overview of the AHWR model development.
Section 3 presents the simulation of non-linear model re-
sponse. Concluding remarks follow thereafter.

2 Improved model of the AHWR

Development of a mathematical model of AHWR com-
prises development and integration of models of core neu-
tronics, reactivity feedbacks and thermal hydraulics, as de-
scribed in the subsequent subsections. In this paper, the
core neutronics and thermal hydraulic models are adopted
from [3] and [2], however, the underlying equations are
revisited here for brevity. Thermal hydraulics model is de-
veloped from first principles considering the steam drum
pressure and level dynamics, and is augmented with the
neutronics model.

2.1 Core Neutronics model

The AHWR core is divided into 17 nodes, in which the
neutronics behaviour is characterized by a multi-point ki-
netics model with one group of delayed neutron precur-
sors’ and coupling between the neighbouring nodes repre-
sented using appropriate coupling coefficients. Xenon and
Iodine concentrations are also modelled in order to cater
for xenon reactivity feedback. The equations describing
the core neutronics follow from [3].

%:(ph—ﬁ—ahh)%Jfé“kh%Jfﬂch (D
% = ?Qh = ACy @)
% =YiZmQn — Aily @)
dﬁ:” = ¥YxeZfnQOn + Ay = (Axe + T, Op)Xe,  (4)
% - K, (5)

2.2 Reactivity feedbacks
The reactivity term pj in (1) is expressed as a sum of re-
activity feedbacks due to Xenon (py,, ), coolant void frac-

tion (py, ) and regulating rod position (o) as

Ph = PXe, T Px, T PH



MATEC Web of Conferences 220, 08004 (2018)
ICMSC 2018

https://doi.org/10.1051/matecconf/201822008004

where reactivity contribution due to Xenon concentration
in node A is :

O_'Xth(?h

e — T 6
OXe, SN (6)

The coupling between the neutronic and the thermal hy-
draulic models is due to nodal power (Q;), which acts as
the input to the riser dynamics, and the reactivity feedback
(px,) due to exit quality of steam, which is given by

Py, = =5 x1073(9.2838x;,° — 27.7192x;,* (7
+31.7643x,> — 17.7389x,,> + 5.2308x;, + 0.0792)

and the reactivity contributed due to the control rods is

(-10.234H;, + 676.203) x 107°, if h=2,4,6,8
Hh =
0 elsewhere

®)

2.3 Thermal Hydraulics model

The thermal hydraulic modelling approach adopted in [3]
is adapted from a first principles approach in the lines of
[8]. The mass and energy balances for the steam drum
are drawn up by dividing the main heat transport loop into
the water volume, the steam volume, the complete steam
drum, the riser boiling volume section and the complete
drum boiler and riser downcomer sections, as shown in fig.
1. State variables chosen to capture the parameters of the
drum boiler are water volume inside the steam drum (V,,),
pressure (p), exit quality (x;) for all 17 nodes and down-
comer enthalpy (h,). Table 2 lists the state variables’ dy-
namics that are captured by the associated mass and en-
ergy balance equations. The choice of equations would
have to be such that the relevant information about all the
state variables are captured.

It is assumed that the coolant channels in each
node and corresponding risers are represented by equiv-
alent lumped channel and riser, and the enthalpy of
subcooled coolant entering each channel is same. It
is also assumed that the point of inception of boiling
of the coolant in the channel varies according to the
power level. The downcomer flow rate is expressed
as a polynomial function of the nodal powers. Under
assumptions of steady thermal flux and no slip [8], the
mass and energy balance equations for individual sec-
tions are developed to capture the behaviour of the system.

Average void fraction ¢, in the node 4 is related to exit
quality x;, as :-

Pw [ Ps log(l + xh(pw —Ps)

1-
Pw — Ps (pw - ps)xh Ps

@, = )N
Mass and Energy balance equations for the riser section
are combined to capture the coupling effects of i, and
nodal exit quality and also to account for thermal en-
ergy utilised in heating up downcomer water to saturation
temperature. Mass balance equations for complete Drum

Steam

|Corn plete System I

Steam Volume

Water Volume

Riser Section

Figure 1. Schematic of main heat transport loop of AHWR

Table 2. State Variable Dynamics

i . Mass Energy
Section Description balance | balance

Water volume

1 in Steam Drum Vi, p Vs P> ha
Steam volume

2 in Steam Drum Vo, p Vs D
Combined

3 Steam Drum Vi, p Vi, P, ha

4 Boiling volume
in Riser Section | 7» ™ Ds X

boiler and riser assembly can be drawn up by combining
the mass balance equations for Riser section and steam
drum section. The resulting equation captures exit qual-
ity dynamics and the coupling between the power (Qp)
and the exit quality due to the downcomer flow rate. The
choice of the energy balance equation of the complete
model is to capture the enthalpy, pressure and water vol-
ume dynamics. The final equation can be chosen between
the energy balance of water volume or steam volume in
steam drum.

2.3.1 Riser modelling

The boiling volume in the lumped channel of a node is

given by [3]

On — 4a,(hw — hq)
Qh

Mass balance in the boiling volume yields:

Vi, = Ve, (10)

d
qd, — 4r, = E(psahvb,, +pw(1 - a’h)vbh) (11)
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Energy balance in the boiling volume yields:

qh,(xhh + hw)] =
- PV;,,,]

[th + qdh dt [psa_h Vbh h (12)

+pu(1 — (Y_h)vh;, hy

Coolant inlet flow rate can be modelled by consider-
ing the momentum balance equation, but for the sake of
simplicity it is modelled as a polynomial function of the
normalised nodal power as [3]

On » On

ga, = K12y 12 4 (2 4 kgue (13)

On, On, O,
where k1=0.2156  ;k,=-0.5998;k3=0.48538 and
k4=0.8988. g,, is eliminated from equations (11) and (12)
to yield
dpP dxh

euPhE + e,,xh? = Qh — qdh(/’lw - ]’ld) - xhhchh (14)

where ¢,,, and e,,,, are given by

dhw d [ d .
e, = (Pt = Xuhe I = @)V, +((1 - mmﬁ
dP
d -
+ ,Oy )ahvh/, + (05 + (o — ps)xn)he Vh/, dP Vb,,
da,
€u, = (1= 00y + xuou)he Vi, ot
2.3.2 Steam Drum Modelling
Mass balance equation in the steam drum yields
+pa)
@ +a)~ @+ = LDy 4 Sy
dt 2
15)

Energy balance equations can be expressed by equat-
ing the internal energy increase with the enthalpy increase.
The average exit quality, x,,, is replaced here by x for ease
of representation.

d (pwuw + Pdud)Vw
( 2
= xqrhs + (1 - X)Ch

d dt
d_t(pSVSMS) + de,,E (16)

hy = qaha + qrhy — qshg (17)

where

_ I gy, _vZ . _vZ
X =57 s qr = Z;,:]CIrha qd = thchdh

T 1dn,
Substitution of internal energy u(= h — p%) and
Va(= Vi + V,) in the mass and energy balance equations
gives

dav, dP
epu? +eppE —Zil(%h —Clr,,)+6]f_CIs (18)

dvy dP dhy

exv? + expz t+ ey, E = xqrhs +( - x)qrhw

—qaha + qrhy — qshs  (19)

where
_ Pw + Pd
€pp = T — Ps
_vy, @ Vi pw + pa
dP ' 2 dP
_ Pwhy + pahy
Cxp = T _pshs
dpy, w dp; dh,
Cxp = _(h p pwﬁ +Pd) + Vs(hsﬁ + Ps dP)
dt
- Vis+myC
d T M gp
Vi
€x = 5 Pd
From (11) and (9), we get
_ dP _ dx/,
Qd, — 4y, = epph% + e/vchg (20)
where
- dah
€ppy = Vb;,((l dP (pw - dP )
_ da
epn, = Vi ((ow = P35 h)

Substituting the values of (g4, — ¢5,) in the mass bal-
ance equations (15), the equations governing the dynamic
model of the steam drum can be obtained as:

dv, _ dP _ dxh
e Tl T T 18pm, o v (21
av, dP
Cxp— dr texp— ar = xqrhs + (1 = X)q,hy — qahy
+qrhy — qsh (22)

Energy balance for the water volume inside the steam
drum yields

= (1 = 0g hy — qaha + qrhy
(23)

(21), (22) and (23) constitute the equations governing
the steam drum pressure, water volume and downcomer
enthalpy dynamics, wherein

- 7 -
€pp = €pp + Xi_18pp,

pwhw Pdhd
€oh = ) -P+ 2
_ puwVy dhy haVydpg  hyVy, doy,
=T ap T T ap T T2 ap
€xh = pd_vw
2

(21), (22) and (23), along with (14) constitute the nonlin-
ear model of the steam drum and the associated risers and
downcomers.
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With this, the complete set of equations governing the
nonlinear model of AHWR are summarized as:

17
th _ Qh Qk
= =B am) T+ ;akhT +AC, (24
dc,,
= ?Qh a6, (25)
dl
d_th = yiZmQn — Al (26)
dXe,
" b = ke Z O+ Aty — (Axe + O Xer,  (27)
dH;
7 = Kl}j (28)

and

dav, dP dhg
exv? + expE + exh? = Xths +( - )C)qr]’lw (29)

= qaha + qrhy — qshs
dP dxh

evp;, E + evxh W = Qh - th(hw - ]’ld) - Xhl’lchh (30)
av, dp dhy

om—— + epp— + exy—— = (1 = X)q,hy — qaha + q¢h
e+ e+ en (1 -x)q qaha + qrhy
(3D

de _ dP _ d)Ch
e + € s + 2}%:1%%? =4qf—Ys (32)

where the e parameters are given by:-

dhy, dpy _
iy = (Putt = xihe (L = @)V, + (1= 3k
dp dhy _
— + ps——)a;V,
ap Pgp) TV
day,
+ (o5 + (Pw _px)xh)hcvb/, d_I; - Vb;,
day,
Cox), = ((1 - xh)ps + xhpw)hc Vb/, d_x;,
_ pwhw +Pdhd h
€xp = T — Psls
Vo dpy, dh,, dhy
xp = A hw_ +Pw—5 t+ e
e = (g * Py FPigp)
dp; dh dt,
+ Vihs—— +ps—=) = Va + myC,,—
(hegp *Prgp) = VatmaCogy
_ Puw + pd
epv - 2 _ps
Epp = €pp + Zp—18pp,
_ day,
Cpx, = _Vbh((pw —Ps)a)
pwhw ,Odhd
oh = - P+ ==
e = 2
e = pwVw % _ thw @ thw d’ﬂ
PhTT T gp T " T2 4P 2 ap
e = Pde
xh )

2.3.3 Steady state values

The equilibrium point of the nonlinear model can be calcu-
lated by fixing the values of pressure (7M Pa), power(Q},)
and downcomer flow rate for each node [4],[5]. Steady

state value of Riser flow rate can be found directly but that
of the state variables as well as feed flow and steam flow
rate would require iterative solution of the following set of
equations:

_1- Sili daha = arhy

Ky =
! grhy
17
qs = Z(xhqrh)
h=1
qf = 4s
1- thgqrhw + thf
ha = 17
Zh:l 4d,

3 Model Simulations

The nonlinear model is simulated with a time step of 5
milliseconds using a first order Runge Kutta solver. Sat-
urated/subcooled steam/water properties were computed
using steam tables as per [16, 17], and the values were
generated according to the AHWR specific data as given
in [4].

The reactor was initially simulated at full power oper-
ating conditions and a 10% step increase in steam offtake
rate was simulated at 50" second of operation. The effect
of inclusion of pressure and water volume as state vari-
ables on exit mass quality and reactor power is shown in
figure 3. Comparision of responses between a thermal hy-
draulic model and combined neutronics model is presented
in figures 4 to 6 to demonstrate the effect of feedback cou-
pling due to void reactivity on the parameters of the ther-
mal hydraulic model. Initially the reactor is assumed to
be operating at 50% full power. At 50 seconds, the steam
flow rate was increased by a step rise of 10% with feed
flow being adjusted to maintain same rate as steam offtake
rate.

Next, three separate cases of reactor operation at 50%,
80% and 100% of full power were considered. After 10
seconds of operation, the steam flow rate is increased by
10% and the corresponding responses are depicted by fig-
ures 7 and 8. Figures 9 and 10 depict the model response
to a step change of 10 % decrease in steam uptake rate.

Subsequently the response of the model is compared
with that of a third order thermal hydraulic model of
AHWR reported in [9] and [10]. A parallel is drawn with
responses for drum boiler dynamics presented in [8]. Fig-
ures 11 and 12 depict the corresponding variations in dif-
ferent parameters.

3.1 Results and Discussions

The coupling of the thermal hydraulic model with the neu-
tronics model introduces the effect due to negative coeffi-
cient of void reactivity feedback of the neutronic reactions
and is observed in figure 2.Steam quality changes are sen-
sitive to changes in pressure.While the earlier model had
assumed pressure to be constant, inclusion of pressure as
a state variable for this model ensures power dynamics
are captured more accurately as depicted in 3. The effect
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Figure 2. Effect of Exit Quality on Global Power
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Figure 3. Exit Mass Quality Comparision
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Figure 4. Effect of coupling on Thermal Hydraulic model

of coupling between the neutronic and thermal hydraulic
models on the pressure, water volume and exit mass qual-
ity dynamics are depicted by the figures 4, 5, 6. The in-
crease in exit mass quality causes the reactivity associated
with the void coefficient to go up, thereby lowering the
reactor power. The drop in pressure is compounded by
increase in steam uptake rate as well as drop in the reac-
tor power and hence it falls faster. Reduction in reactor
power leads to a fall in quantity of steam produced thus

7.2 : T T T T T T T T
AHWR(92)
0 AHWR(Th-20)

Pressure ( MPa)
®
®

)
T

5.8

56 q

54 . \ \ . s s . ‘ ‘
0 20 40 60 8 100 120 140 160 180 200

Time (s)

Figure 5. Effect of coupling on Thermal Hydraulic model
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Time (s)

Figure 6. Effect of coupling on Thermal Hydraulic model
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Deviation from steady state value (V,,)

. . . . . . .
0 10 20 30 40 50 60 70 80
Time (s)

Figure 7. Effect of 10% step increase in steam flow

causing the exit mass quality to fall gradually after an ini-
tial increase corresponding to increased boiling due to fall
of pressure. The initial increase in water volume followed
by decrease is an example of an inverse response and at-
tributable to the change of exit mass quality due to change
of pressure. Figures 7, 8, 9 and 10 capture the model
responses at reactor power levels corresponding to 50%,
80% and 100% of full power to step changes of 10% in
steam uptake rate. Shrink and swell dynamics caused by
the change in exit mass quality are seen to be more pro-
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Figure 8. Effect of 10% step increase in steam flow
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Figure 9. Effect of 10% step decrease in steam flow
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Figure 10. Effect of 10% step decrease in steam flow

nounced at low loads which is in accordance with [8] and
[10]. Fig 11 and 12 represent the change of pressure and
water volume at 50% reactor power to a step change in
steam flow rate and offer a qualitative comparision with
boiler model responses in [8] and [10].

Comparisions of the 20" order Thermal hydraulic
model have been made with the Drum boiler models pro-
posed by Astrom and Sairam. While Astrom had proposed
the mathematical model for a generalised Drum boiler,
Sairam had adapted it to the AHWR. The nodal neutronics
model proposed by Shimjith. et al., currently accepted as

314 T
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313 e
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311
310 i
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Water volume in steam drum(V,,)

3081 4
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206 . . . . . . . . .
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Time(s)

Figure 11. Comparision with other thermal hydraulic models
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Figure 12. Comparision with other thermal hydraulic models

the standard model of AHWR for control studies, has been
simulated here with the removal of simplifying assump-
tions of constant Pressure and Water volume. Though the
trends are identical, mismatch between the model response
and references are attributable to the difference in the mod-
elling assumptions which are enumerated below.

1. The third order thermal hydraulic model assumes
feedwater enthalpy to be a function of input power
while the twentieth order model assumes down-
comer flow rate to be a function of input power.
Since input power is held constant the downcomer
flow rate also gets fixed.This accounts for the differ-
ence in the water volume transients.

2. The momentum balance equations for capturing
pressure dynamics in the third order model have
been replaced with the assumption that pressure
varies uniformly throughout the system in the twen-
tieth order thermal hydraulic model for the sake of
simplicity.

3. The division of the neutronic core into 17 nodes di-
cretizes the exit mass quality.

4. The downcomer flowrate is assumed to be a function
of nodal power and downcomer enthalpy is com-
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puted as an additional state variable in the present
model.

4 Conclusions

The modelling of the Advanced Heavy Water reactor is
more involved because the application of nodal methods
dictate the requirement of division of the reactor core into
17 nodes. The thermal hydraulic parameters associated
with the nodes also need to be monitored for devising
effective control strategies. The assumption of pressure
and water volume transients being zero imposes additional
constraints on the model. The inclusion of pressure and
water volume as additional state variables allows the ad-
vantages of more comprehensive modelling of exit mass
quality thereby justying the increase in model complex-
ity. Any practical controller would be based on a model
capable of handling pressure and water volume transients.
The dynamics associated with the pressure and water vol-
ume transients were modelled alongwith the steam table
generating algorithms and the capabilities of the non lin-
ear model explored. The model was tested for responses
to changing inputs in the form of steam flow rate and a
qualitative parallel was drawn between the AHWR and the
standard Drum boiler model responses as reported in Lit-
erature.Since the pressure and water volume transients are
captured successfully the model qualifies as an extension
to the accepted model for control studies of AHWR. Fu-
ture work could be directed at linearising this model after
which it can be investigated for suitable control strategies.
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