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Abstract: A nuclear power simulation system is model with reactivity feedback taking into consideration. The

power feedback algorithm is developed by representing reactor dynamic with a point reactor model.
Homogeneous flow model is used to predict thermal-hydraulic behavior in the natural circulation loop. The
governing equations of mass, momentum and energy coupled with point reactor model are discretized and
solved. Simulation of natural circulation system is carried out with and without reactivity feedback. Numerical

results on flow instability with different amplitudes and periods are found and compared with experimental
data. The transient behavior of power step is analyzed under reactivity feedback mode. Reactivity feedback is
found to have a significant influence on natural circulation transient.
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1 Introduction

Next generation reactors adopt natural circulation
operation to gain passive safety features. Compared
with forced circulation mode, natural circulation is
driven by the buoyance force resulting from density
difference of the working fluid. For light water
reactors, water is used not only as coolant but also
moderator. Change of water temperature and void
fraction would cause disturbance for reactivity.
Besides, fuel temperature can also bring thermal
Doppler broadening and result in neutron density
change. Reactivity feedback is supposed be taken into
consideration for the modeling of natural circulation
transient behavior.

The modeling of thermal-hydraulic characteristics has
been reported by many researchers. Guo et al. used a
homogeneous flow model to establish the stability
map for a research reactor [!l. Jain and Rizwan also
developed a computer code based on homogeneous
flow model to investigate the supercritical flow
instability [ Drift flux model has been widely used
for the prediction of two-phase flow boiling
phenomenon due to its consideration of relative
motion between two phases [*l. Hibiki and Ishii
derived the constitutive equations for drift flux
modell. Drift flux model has been used to study the
stability behavior of natural circulation [® % LOCA
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analysis 112 and small reactors 3], In addition,
effects of reactivity feedback on the stability of natural
circulation system have been experimentally and
numerically investigated. Rao et al. proposed an
experimental simulator which is capable of computing
void-reactivity feedback. Stability map was given on
the axes of void-reactivity coefficient and fuel time
constant 4, Furuya et al. designed a void-reactivity
feedback simulation loop to study the regional and
core-wide stability. The match of fuel rod time
constant and oscillation period is found to have a
significant influence on regional instability ['>]. Shi et
al. tested the effects of void-reactivity on startup
transients ['®). T’Joen and Rohde found different
results on stability characteristics: a clear instability
zone can be found under coupled neutronic-thermal-
hydraulic mode, but no instability happens under
thermos-hydraulic mode ['"). Lee and Pan presented
nonlinear analysis about Type-I and Type-II instability.
Void-reactivity feedback has destabilizing effects on
both instabilities 8. Wang et al. pointed out that
increasing void-reactivity feedback coefficient has a
destabilizing effect. On the other hand, increasing the
Dopper effect feedback effect coefficient has a
stabilizing effect ['°). Differently, Durga and Pandey
indicated that increase in the absolute value of void
reactivity coefficient has a stabilizing effect in Type-1
region and destabilizing effect in Type-II region. The
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fuel time constant has a stabilizing effect on Type-II
region and destabilizing effect on Type-I region 121,
The effects of reactivity feedback on natural
circulation depend on the system geometry, working
conditions and fuel type. Modeling of transient
behavior of natural circulation system with reactivity
feedback is essentially necessary for the design and
safety analysis of reactors.

2 Power feedback

An experimental loop is designed to investigate the
effects of nuclear power feedback on the transient
behavior of natural circulation system. The schematic
diagram of the experimental loop is shown in Fig.1.
Water is used as the working fluid. The stainless steel
test section is uniform heated by a DC power supply.
A tube-shell shape condenser is mounted at the top.
Heat generated in the test section is taken away in the
condenser by the coolant water which flows in the
secondary loop. System pressure is sustained by a
Nitrogen tank pressurizer.
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Fig.1 Experimental loop and power feedback.

Nuclear power is simulated by the point reactor
kinetics model and represented by thermal power
applied to the test section. The feedback loop is
shown in Fig.2.
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Fig.2 Power feedback algorithm.
3 Analytical model

Subcooled water is uniformly heated in the test section.
Single-phase and two-phase flow are supposed to be
carefully taken care of. Heat loss to the ambient from
riser and down-comer are ignored by surrounding
these tubes with thermal insulation layer. Flow boiling
along the test section is analyzed by a 1-D axial flow
model. Following assumptions are adopted in the
model: (1) A 1-D homogeneous flow model is used.
Generally the exit quality is quite low (x,~0) when
flow instability condition is reached, the slip between
single-phase liquid and two-phase vapor can be
ignored as a result. (2) The inlet water temperature and
system pressure are constant. (3) Heat flux along the
test section is uniform. (4) Subcooled boiling is
neglected.

3.1 Conservation equations
Mass conservation equation:

op O
o + opu =0 (1)
ot oX
Momentum conservation equation:
dpu 0Opu®  OP
—t—=———-pg-—-F 2
a o Y @
Energy conservation equation:
oph  Opuh
optt  opdlt _ y 3)
ot oX
A state equation is needed to solve the mixture density:
o =eos(P,h) “4)

3.2 Conservation equations

The heating wall has a thickness of 1 mm and the
therefore heat capacity of the heated channel is
ignored. Heating wall energy equation is given in
equation (5). The RHS of equation (5) is the net
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volumetric heat release rate which is the difference
between the electric heat generated by Jour heat greqser
and heat absorbed by the fluid ¢,. The relationship
between volumetric heat release rate and heat flux per
unit area is given in equation (7).

dT,
pWCpW dt = qnet (5)
Net volumetric heat release rate:
4D
Onet = Qheater — W 0, (6)
Volumetric heat absorbed by the fluid:
4D,
qv D2 D2 q (7)
Heat flux from heating surface to fluid:
q,=h(T,-T) ®

3.3 Closure correlations
The third term on RHS of equation (2) F is the
frictional pressure drop. Single-phase flow frictional
pressure drop can be obtained from:
i -2 ——pu’ (€]
dz 2D
Two-phase flow frictional pressure drop is calculated
based on a two-phase multiplier approach'

dP,
——(A (—). 4, (—) (10)

Heat transfer coefficients are calculated from:
hd
Nu=— (11)
Ki
Two semi-empirical correlations are chosen to
calculate heat transfer coefficient in single-phase
region and two-phase flow region. Single-phase flow
boiling heat transfer coefficient is calculated using
Dittus-Boelter correlation [2!:
Nu = 0.023x Re®® x Pr®* (12)

Liu-Winterton correlation 2] is chosen for two-phase

0.35
F=| 14xPr (21 —1) (14)
Py
S =(L+0.055F *'Re ") * (15)
h, =0.023(k, / d)Re"*Pr, (16)

N = 5P, %47 (<log,, p)°*M** (17)

Void fraction is calculated based on slip velocity ratio

pool
model. Slip ratio are calculated from Bankoff
correlation [231:

o= K/1+( ) (18)
K =0.71+1.45x10°® P (19)

3.4 Numerical approach

The governing equations are discretized on the
staggered grid mesh arrangement as shown in Fig.3.
The discrete values for velocity are stored on the cell
faces and other variables (density, pressure and
enthalpy) are stored at the cell center. The first-order
upwind scheme is used to discretize the convection
term in the mass, momentum and energy equations.
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Fig.3 staggered grid mesh arrangement.

The discretized mass, momentum and energy equation
are as listed in equation (20) to equation (22). There
are four unknown variables (p,u P and /) to be solved
at each time step for each grid point. These four
variables are given in equation (23) to equation (26).

The Heating wall energy equation is discretized as:
(Gre)~ At

n+l _ n
heat transfer: (Tw)j - (Tw)j + 27
i PuCpu
hre = (FhL) (Shpool ) (13) The solution algorithm is given in Fig.4.
The discretization of mass conservation equation:
n+l n+1 n+l n+l
pn+l _ pn p] p] -17. 1
: L 2=0 (20)
At AX

The discretization of momentum conservation equation:
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pr'1+l(un+l)2 _pl"1+1(un+1)2 P”+1 B Pn+1

(pu)?+l - (pu)r; ! i‘f% = i’% i j1 n+l n+l
At " AX ’ AX tp 9T =0 @D
The discretization of energy conservation equation:
N+l n+l n+l N+l n+1, N+l
pwlhjml —pf‘h? o " ui+1 P h” uj—l 1
— 7 ~ ==(a.)" (22)
X
Velocity:
AX
1, n+l 1
P?flur.]l —E(P;n+ -p))
u™i = 2 23
plo pf”l (23)
2 j
Pressure:
pn _ pn+l _&[( u)n+1 —( u)n:l_ n+1(un+1)2 _ n+l(un+1)2
b T T A PY); PY); P, 2 P, o
el lJn+1 + un+1 (24)
+ i + j% j%
—p " gAX~ > P “( )X
Enthalpy:
n+lA AX nhn n+1hn+l n+1
(qv)j X+E'Di jte nou
h™t = = 25)
! AX 1, n+l (
n+ n+. n+.
P TP
At T
Density:
Pt =eos(P,hi) (26)
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Fig.4 Code flow chart.

3.5 Point reactor kinetics

In the absence of extraneous neutron resource, point
kinetics equations with six delayed neutron groups are
solved by the fourth-order Runge-Kutta method to
determine the fission power. The dynamic equations of
neutron density and delayed neutrons are expressed in
equation (28) and equation (29).

_ 6
ﬂzﬂmz‘/ﬁci (28)
dt I i1

T _Bn jei=12.6 @

dat |

The reactivity is a function of fuel temperature,
moderator temperature (For single-phase working
conditions, void reactivity feedback can be neglected).

=P+ Ky (T Tuo ) RS (Tf -Tro ) (30)

Table 1 Neutronic data for point reactor model

. Delayed neutrons
Delayed neutrons fraction
decay constant

A1=0.0127s!

£1=0.000266

£=0.001419 42=0.0317s"!
S=0.001316 45=0.115"!
S:=0.002849 A=0311s"
f5=0.000896 Js=1.40s"!
f=0.000182 16=3.87s"!
$=0.007

The neutronic data for point reactor model with six
groups of delayed neutrons are listed in Table 1.
Neutron generation time is 0.00002s.

4 Result

4.1 Natural circulation without reactivity feedback
The heating power is kept constant under no reactivity
feedback mode. The transient response of mass flux
after a small perturbation is shown in Fig.5. For the
stable working conditions, the mass flux before and
after perturbation can be kept stable. For the instability
conditions, mass flux undergoes self-sustained
oscillations.
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Fig.5 Transient response of mass flux.

Three typical flow oscillations characterized by
different amplitudes and periods are found (as shown
in Fig.6). At relative low power level, the flow
oscillations are regular type with constant amplitude
and period as shown in Fig.6 (a). However, with the
increase of heating power, flow oscillations present as
multiple amplitudes and periods as shown in Fig.6 (b).
The natural circulation flow turn chaotic when heating
power is further increased as shown in Fig.6 (c).

The calculated results are compared with experimental
data on the Marginal Stability Boundary map as shown
in Fig.7. Generally phase change number (equation
(31)) and subcooling number (equation (32)) are
employed to present the MSB. The predicted
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Fig.7 Stability map.
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4.2 Natural circulation with reactivity feedback

A power step transient is simulated with and without
reactivity feedback. Fluid inside the test section is
single-phase flow so the contribution of wvoid-
reactivity feedback can be ignored. Effects of
moderator temperature and fuel temperature are taken
into consideration. The response of mass flux under
power step from 10kW to 15kW is shown in Fig.8 by
the black solid line. The transition from stable
condition under 10kW and 15kW are obtained. Mass
flux does not increase to the high value when reactivity
feedback is introduced. Mass flux gets back to a same
stable level after enough time. Increasing the feedback
coefficient can decrease the peak value for mass flux
during transition.

500

&y 0, Kk, 70
480 - = = = -5%10-5, K, =2x10-5
460 = = =K, ~5%10-5, x, =4x10-5

= = - &,710x10-5, &, =-2%10-5
- = -k, 10%10-5, &, =-4x10-5

440

= 420
£
2 w0y
O 30t
360 \\_._-——'-’_""""“""'—___'—_'
340
320 Il 1 Il ]
0 200 400 600 800
1(s)
Fig.8 Mass flux.

The introduction of reactivity feedback has a great
influence on the power step transition process as
shown in Fig9. Water temperature and fuel
temperature increases when power is increased to a
high value. Reactivity decreases after temperatures are
increased to the highest value due to the negative
feedback effect. Power decreases to the initial value
after enough time as a result. It can be seen from this
simple case that negative reactivity feedback benefits
the neutronic-thermal-hydraulic system under power

step transient.
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Fig.9 Power feedback.

5 Conclusion

A power feedback algorithm is developed to simulate
nuclear heat release in an experimental facility in this
paper. The modeling of nuclear power simulation
system is carried out. Transient behavior of natural
circulation system under small perturbation is
investigated. Numerical results about flow instability
are obtained and compared with experimental data.
The effects of reactivity feedback are studied by a
power step transient.

A natural circulation flow model is developed with
reactivity feedback taking into consideration. The
thermal-hydraulic flow model coupled with a point
reactor model is numerically solved. Three typical
types of flow instabilities with different amplitudes
and periods are found under different heating powers.
Natural circulation flow may become chaotic at high
heating power. The numerical results are compared
with experimental data. Satisfactory agreement is
achieved. In addition, transient responses of the
natural circulation system under power step with and
without reactivity feedback are obtained. The
introduction of reactivity feedback has a significant
influence on natural circulation flow and power.
Negative reactivity feedback benefits the neutronic-
thermal-hydraulic system under power step transient.

Nomenclature
Delayed neutron precursor
¢ concentration(1/m?)
C, Specific heat(kJ/°C)
Diameter(m)

Frictional pressure drop(kPa)
/Enhanced factor
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Gravitational acceleration(ms?)
Mass flux(kg/m?s)
Enthalpy(kJ/kg)

Heat transfer coefficient(kJ/m?°C)
Thermal conductivity(kW/m°C)
Constant for Bankoff model
Neutron generation time(s)
Molecular weight

Neutron density(1/m?)

Nusselt number

&
g

Phase change nunber
Naw  Subcooling number
pr Reduced pressure

P Pressure(MPa)
Pr Prandtl number
g Heat flux(kJ/m?)
Re Reynolds number
Suppression factor
Time(s)
Temperature(°C)
Velocity(m/s)
x quality

T N~ U

Greek symbols

a Void fraction
B Delyed neutrons fraction

At Time step(s)
x Reactivity feedback coefficient

Delyed neutrons decay constant

4 /friction factor
p Density(kg/m?)/reactivity
¢ Two-phase pressure drop multiplier

Suscripts
e exit
f Fluid/liquid
g gas
i inner
in inlet
o outer
w  wall
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