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a b s t r a c t

In this study, the effects of selecting water/silver nanofluid as both a coolant and a reactivity controller
during the first operating cycle of a light water nuclear reactor are investigated. To achieve this, coupled
neutronicethermo-hydraulic analysis is employed to simulate the reactor core. A detailed VVER1000/446
reactor core is modeled in monte carlo code (MCNP), and the model is verified using the porous media
approach. Results show that the maximum required level of silver nanoparticles is 1.3 Vol.% at the
beginning of the cycle; this value drops to zero at the end of cycle. Due to substitution of water/boric acid
with water/Ag nanofluid, reactor operation time at maximum power extends to 357.3 days, and the
energy generation increases by about 27.3%. The higher negative coolant temperature coefficient of
reactivity in the presence of nanofluid in comparison with the water/boric acid indicates that the reactor
is inherently safer. Considering the safety margins in the presence of the nanofluid, minimum departure
from nucleate boiling ratio is calculated to be 2.16 (recommendation is 1.75).
© 2018 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

One of the main concerns in nuclear power plant operation is to
increase the heat removal from the reactor core. Owing to the high
thermal conductivity of metals, adding metal particles to reactor
coolant could be useful in increasing the cooling capacity. Nano-
fluids have shown to be a good choice as a replacement of base
fluids [4].

Previous studies indicate that the thermal conductivity and heat
transfer coefficient are both enhanced when the nanoparticle
concentration in the base fluid is increased [4,7,15,24]. Meanwhile,
the use of nanofluids raises the critical heat flux threshold, which
results in enhancement of departure from nucleate boiling ratio
(DNBR) [3,8,14,18,19,21,25,26]; in an experimental investigation on
quenching behavior of a hot zircaloy tube show that the use of
nanofluids, compared with water, can reduce the quenching time.

The neutronic properties of different nanofluids with different
concentrations are studied, and reactor operating parameters, such
as multiplication factor, and power peaking factors are determined
[2,12,27]. Also, coupled thermal hydrauliceneutronic simulations

performed using nanofluids in reactors have been carried
out [23] using the DRAGON and DONJON codes to examine the use
of nanofluid in the primary core cooling system of a VVER-1000 in a
subchannel model. In another coupled analysis, monte carlo code
(MCNP) for neutronic and a subchannel model for thermo-hy-
draulic simulations are utilized. Water/Ag2O and water/Ag nano-
fluids are found to be the best choices for the base water
replacement [13]. It is noteworthy that in all mentioned coupled
studies, the reactor is considered an average channel.

According to reactor neutronics, the silver nanoparticles are
assumed to play the role of the chemical shim. Silver nanoparticles
are used to compensate for the additional reactivity of the reactor
core during fuel burnup. In certain cases, fine power changes were
also controlled by chemical shim. When power increase is required,
the nanofluid concentration is decreased and its poisoning effect is
lessened. In comparison with burnable absorbers or control rods,
the silver nanoparticles avoid the unevenness of reactor core
neutron-flux distribution because they are dissolved homoge-
neously in the coolant in the entire reactor core. The concentration
of nanofluid reaches its highest quantity at the beginning of the fuel
cycle; at the end of cycle (EOC), this concentration is almost zero
and reactor refueling is needed because there is no positive reac-
tivity that can be inserted to compensate for negative reactivity of
fuel burnup.* Corresponding author.
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Based on a recent patent [20], nanofluid concentration adjust-
ment during reactor operation is described as follows:

“The nanofluid concentration can be adjusted using the feed and
bleed strategy. Regarding the primary loop volume, the nanofluid
material tanks should be provided with nano powder or nanofluid
with the highest required concentration injected into the coolant.
These could work using a feed and bleed system so that a sensor
could detect the nanofluid concentration in the primary loop and a
controller could activate the drain valves and fill those valves to
provide a needed concentration. Also, an operator can work as a
replacement for sensors to determine the nanofluid concentration
and required amount, and the controller could change the con-
centration. The controller can be used to control the valves and
nanoparticles provided during accident cases, such as a severe ac-
cident, and throughout the normal operation, for example from a
control room.”

In this research, coupled neutronic and thermal hydraulic
analysis of a nanofluid as the primary coolant and reactivity
controller of a typical light water reactor is performed during the
first operating cycle. The reactor is a VVER-1000 Russian type nu-
clear reactor, and the nanofluid is replaced with water/boric acid to
evaluate the criticality, power distribution and burnup during its
first cycle. To improve the coupled analysis accuracy, based on
radial power peaking factors, the reactor core is divided into three
zones. To increase both calculational accuracy and speed, the
porous media approach replaces the previous subchannel analysis.
The coupling process is iterated until the convergence of the axial
temperature and the power distribution occurs. Also, the moder-
ator temperature coefficient of reactivity and DNBR are calculated
to investigate the safety margins of the nanofluid coolant. Evalua-
tion of the energy generation improvement is also discussed in this
article.

2. Materials and methods

The water/Ag2O and water/Ag nanofluids are the among best
choices for replacing water/boric acid [13], and owing to the
decomposition of Ag2O to silver and oxygen in the reactor core
conditions according to Ellingham diagram [10], the water/Ag
nanofluid is chosen to be substituted for water/boric acid.

A detailed VVER-1000 core model in MCNP5 [5], together with a
porous model of a fuel assembly (FA) in computational fluid dy-
namics code (CFD), are the neutronic and thermal hydraulic tools
for our computation. The coupling process is explained in detail in
the following.

2.1. Reactor and core specifications

VVER-1000 is a pressurized water reactor (PWR) reactor with an
open type hexagonal core geometry that contains 163 FAs; each FA
contains 311 fuel rods, 18 guide channels, one central tube, and one
instrumental tube. Fifteen spacer grids spaced axially along the rod
bundle provide structural support for the fuel rods. Reduction in
the flow areawith presence of spacer grids causes flow acceleration
and deceleration in regions upstream and downstream of the
spacer grid; the flow field turbulence intensity is increased. Reactor
operating conditions and core design parameters are described in
Table 1. Table 2 shows the FA characteristics.

During the beginning of reactor operation, the reactor power
changes continuously to reach its nominal power value. Reactor
first operating cycle is divided into 17 steps. For each step, the
critical boric acid concentration (Cba), height of group 10 (H10)
control rods, coolant temperature at the core inlet (Tin), and reactor
power (N) are used in burnup caculations [13].

2.2. Nanofluid properties

Dispersions of nanoparticles in liquids are called nanofluids; the
liquid is named the base fluid. The size of the nanoparticles must
typically be between 2 and10 nm, and the types of particles can be
metals, metal oxides, carbon nanotubes, or other particles (for
example, silicon mixtures). In this study, the nanofluid is assumed
to be a homogeneous fluid, and the effective properties are calcu-
lated and considered. This model is widely used and is called the
single-phase model.

There are a few correlations for water/Ag nanofluid thermal
conductivity and viscosity, based on experimental data. These
models, which arewidely used, are from a previous study [6,11] and
are called, together, the “single-phase model”. Owing to a very low
water/AG nanofluid concentration in this study, the consequences
of employing any of these models on axial temperature distribution
and pressure drop are negligible.

rnf ðtÞ ¼ ð1� 4Þrf ðtÞ þ 4rnpðtÞ (1)

�
rðtÞCpðtÞ

�
nf ¼ ð1� 4Þ�rðtÞCpðtÞ�f þ 4

�
rðtÞCpðtÞ

�
np (2)

mnf ðtÞ
mf ðtÞ

¼
�
1:005þ 0:4974þ 0:114942

�
(3)

knf ðtÞ
kf ðtÞ

¼ 0:9508þ 0:96924 (4)

where4 is the volume fraction of nanoparticles in the nanofluid and
rðtÞ, CpðtÞ, mðtÞ, and kðtÞ are the temperature-dependent density,
specific heat capacity, dynamic viscosity, and thermal conductivity.
Also, the subscripts np, f , and nf refer to nanoparticles, fluid, and
nanofluid, respectively. There are not many measured data for wa-
ter/Ag nanofluid thermal conductivity and viscosity, and according
to the fact of the very low amount of Ag concentration used in this
study, all the equations that are introduced for nanofluids in general
have very large differences from each other. Alsowe can use Eqs. (3)
and (4) according to the correlations suggested by Godson et al [11];
which are in good agreement with their experiments.

Table 1
VVER-1000 reactor operating conditions and core design parameters.

Parameter Value

Reactor thermal power (MWt) 3000
Operating pressure (MPa) 15.7
Coolant velocity at the core inlet (m/s) 5.6
Inlet coolant temperature (�C) 291
Outlet coolant temperature (�C) 321
Core pressure differential (KPa) 144
Number of FAs in the core 163

Table 2
FA characteristics.

Parameter Value

FA form Hexagonal
Fuel rods arrangement Triangular array
Number of fuel rods in the FA 311
Fuel rod outside diameter with

cladding (mm)
9.1

Fuel rods pitch (mm) 12.75
Fuel pellet material UO2
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2.3. Neutronic modeling

Thewhole coreof VVER-1000 ismodeled inMCNP5code, and FAs
are filled with fuel rods of 1.6e4.02 wt percent enrichment. By
considering FA radial power peaking factors, the reactor core is
divided into three zones including cold, average, and hot zoneswith
lowest, medium, and highest power peaking factors, respectively.
Since the fluid temperature varies through the core, 18 isothermal
regions are considered in the axial direction [13].

2.4. Thermal hydraulic modeling

Two main approaches widely used to assess the thermal hy-
draulic behavior of a reactor core are subchannel and porous media
techniques, which are described in the following sections.

2.4.1. The subchannel approach
With the subchannel approach, the rod array is considered to

be subdivided into a number of parallel interacting flow sub-
channels between the rods. This method predicts the flow field,
including thermal hydraulic properties like enthalpy, temperature
distributions in cladding, and coolant. As a rule, the core structure
complexities, such as spacer grids, should be modeled to achieve
higher accuracy in the results. The governing equations of this
approach (the continuity, momentum, and energy equations) are
as follows:

� Continuity

vrnf
vt

þ V$
�
rnf v!

�
¼ 0 (5)

� Momentum equations:

v
�
rnf v!

�
vt

þ V$rnf v
! v!¼ �VP þ mnfV

2 þ rnf g (6)

� Energy equation:

�
rCp
�
nf
DT
Dt

þ V$
��

rCp
�
nf T v!

�
¼ knfV

2T þ DP
Dt

þ fþ S (7)

where f and S are the rate of viscous work and the source term,
respectively.

2.4.2. The porous media approach
A porous medium is characterized by partitioning the total

volume into a solid matrix and pore space, with the latter being
filled with one or more fluids. The model has previously been
applied to simulate analysis of steam generators as an interface
between primary and secondary circuits in light water nuclear
power plants [22]. In this approach, variables and parameters are in
the averaged spatial form, and the fuel rods are considered as
volumetric heat sources with physical and geometrical effects on
the fluid flow. The ratio of the fluid area Af to the total area AT is
defined as the area porosity gA; the volume porosity gV is the ratio
of the volumes, as follows:

gA ¼ Af
AT

(8)

gV ¼ Vf
VT

(9)

Reynolds averaged NaviereStokes equations are used to simu-
late the flow field in porous media. Governing equations of the
porous media approach for single-phase flow are:

� Continuity

vðgrÞ
vt

þ V$ðgr v!Þ ¼ 0 (10)

� Momentum equations:

vðgr v!Þ
vt

þ V$ðgr v! v!Þ ¼ �gVpþ V$ðgtÞ þ g B
!

f

�
�
m

a
þ C2r

2
j v!j
�
v!

(11)

� Energy equation:

v

vt

�
grf Ef þ ð1� gÞrsEs

�
þ V$

�
v!
�
rf Ef þ p

��

¼ V$

"
keffVT �

 X
i

hi Ji

!
þ
�
t
≡
$ v!
�#

þ Shf (12)

where ES and Ef are the total energy of the solid and the fluid,
respectively, hi is the enthalphy, Shf is the heat source, and keff is the
effective thermal conductivity of the porous media, which is
defined in Eq. (13):

keff ¼ gkf þ ð1� gÞks (13)

It is obvious that during steady-state, the time-dependent terms
are excluded.

According to the momentum equation of porous media (Eq.
(11)), the last term of the right hand side is made of two additional
terms, m

a and C2r
2 , which are the viscous and the inertial terms. To

utilize the porous media approach, these terms must be deter-
mined. Commonly, they are computed by using the second-order
polynomial regression model of the pressure loss as a function of
the coolant inlet velocity, as follows:

Dp ¼ a1v
2 � a2v (14)

a1 ¼ C2
1
2
rDn (15)

a2 ¼ m

a
Dn (16)

where Dn is the porous media thickness (m) and Dp is the pressure
loss (Pa).

2.4.3. Simulation and validation of the porous media model of
VVER-1000 FA

As referred to in the previous section, to employ the porous
media model of an FA, the pressure lossevelocity correlation must
be determined by using the experimental data or CFD simulation in
the absence of empirical data. To obtain the coefficients, simula-
tions of two types of subchannels are carried out, and the one
whose results are closer to experimental data is employed to obtain
the viscous and inertial terms. Fig. 1 depicts the cross-sections of
the subchannel types and generated meshes as well. It should be
noted that the spacer girds are considered to have zero thickness in
the XeY plane. The presence of the spacer grids in the flow field
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with their special curves and corners leads to the use of an un-
structured grid. Moreover, to achieve a mesh independent solution,
for the test cases of subchannel types 1 and 2, 1.5 and 1 million
computational cells are needed, respectively.

The pressure loss values for these two subchannel types are
plotted and compared in Fig. 2. As can be seen in this figure, the
pressure drops have a linear form and deviate from linearity
because of the presence of spacer grids. Comparison of the results
of pressure drops with the actual core pressure loss (Table 1) shows
that subchannel type 2 gives better and more accurate results, with
an error of 13%. Also, the axial temperature distribution in normal
operation of the reactor using this channel type is plotted in Fig. 3,
and the inleteoutlet temperature difference is about 9% more than
its actual value (Table 1). Consequently, subchannel type 2 is
selected to obtain the pressure drop-velocity correlation that is
shown in Fig. 4. As a result, the viscous and inertial terms of the
momentum equation can be calculated using the correlation and
relationships 14e16 and, therefore, the porous media model of the
FA can be employed.

Fig. 5 is an illustration of the employed structured grid in a
section that is perpendicular to the axial flow in the porous media
model of the FA. The total number of computational cells, which
are employed for this case, is about 105, in comparison with 106

for the subchannel approach. Meanwhile, the grid quality has
relatively improved. To validate the porous media model, the
pressure drop is shown in Fig. 6, and the axial average temper-
ature distribution is compared with different thermal hydraulic
models of the COBRA-EN code and a porous media model [28] in
Fig. 7. Axial coolant temperature distribution depicts a good

agreement with reference data without any significant deviations.
Data comparisons of the core thermal hydraulic parameters in
normal operation conditions indicate that the core pressure drop
and inleteoutlet temperature difference are about 5.5% and 3%
higher than their actual values (Table 1), respectively. Therefore,
the results of the porous media simulation confirm the appro-
priateness of this model to predict the core thermal hydraulic
behavior during normal operation.

Fig. 1. Cross-section view of subchannel types.
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2.5. Coupling process

The coupling process of neutronic and thermal hydraulic codes
and the method with which burnup calculation is carried out
during the first operating cycle are illustrated in Fig. 8.

3. Results and discussion

Analysis of the results during the first operating cycle in the
presence of silver nanofluid is presented here.

3.1. Variation of nanoparticle concentration during the first
operating cycle

During the first cycle, silver nanoparticle concentration to ach-
ieve criticality is similar to critical boric acid concentration and
continues to decrease to zero at the EOC. The maximum required
nanoparticle concentration is calculated and found to be 1.3% of the
coolant volume at the hot zero power state. Fig. 9 illustrates the
silver nanoparticle variations.

3.2. Radial power peaking factors

Fig. 10 presents the relative power of the FAs D on the last day of
the cycle. The relative power is defined as the ratio of the FA power
to the average power of all FAs when the reactor operates at full
power level. Also, zoning is indicated in these figures: zone 1 (blue

color) includes FAswith the lowest power level, zone 3 (red color) is
the FAs with the highest power level, and zone 2 (yellow color) is
the FAs of average power level. It could be concluded that with
increasing operational days, the power level intensity develops
from core center to the peripheral region. Fig. 11 indicates the radial
power peaking factor of thewater/boric acid coolant case [1]. As the
reactor cycle goes on, with the use of water/boric acid and water/Ag
nanofluid, the power level intensity develops from the core center
to the peripheral region. In the case of using water/Ag nanofluid,
the radial power peaking factors included wider range (the
maximum quantity increases and its minimum decreases), and the
power level intensity development from core center to the pe-
ripheral region is more homogenous than the case of reactor
operating with water/boric acid.

3.3. Axial power distribution

A typical volumetric power convergence in Day 80, based on the
flowchart presented in Fig. 8 for zone 1 is presented in Fig. 12. Once
convergence is achieved, Fig. 13 illustrates the axial distribution of
normalized power in all three zones. The axial power peaks at the
height corresponding to 30e45% of the heated length from the
bottom during the cycle.

3.4. Axial temperature distribution

Convergence of axial temperature distributions of all zones,
based on case in which mean squared error, similar to axial power,
is pursued. Fig. 14 and Table 3 represent axial temperature distri-
bution and amount of error for Day 80 during different iterations.
Axial temperature distributions in different zones at the EOC are
depicted in Fig. 15, as well.

3.5. Moderator temperature coefficient of reactivity

Moderator temperature coefficient of reactivity, aM , is defined
as the change in reactivity per degree change of moderator tem-
perature (Eq. (17)) [17].

aM ¼ vr

vTM
¼
 

1
Keff

vKeff

vTM

!
¼

vLn
�
Keff

�
vTM

(17)

The slope in the Keff -TM plot represents the moderator
temperature coefficient of reactivity. As shown in Fig. 16, aM for
water/Ag nanofluid coolant is found to be �50 � 10�5 at Day
80, and its value in the middle and end of the operational cycle
are presented in Table 4. As expected, the value of aM de-
creases as we approach the end of the operational cycle. This
can be explained by the reduction of the nanofluid concen-
tration as the cycle develops.

Fig. 5. Cross-section view of FA porous model.
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3.6. Departure from nucleate boiling ratio

As an important safety factor, minimum departure from
nucleate boiling ratio (MDNBR) in the hottest zone is calculated
during the reactor full power operation. It is a significant parameter
in nuclear power plant safety, which shows the film boiling
occurrence. Eq. (18) is used to calculate the DNBR, where the actual
flux (q

00
act) and critical heat flux (q

00
c) can be computed from the

MCNP code and using Eq. (19) [16].

DNBR ¼ q
00
c

q00
act

(18)

q
00
c ¼ C � 106

�
G
106

�m

DT0:22sub (19)

where the pressure-dependent variables C and m are 0.441 and
0.5671, G is the coolant mass flux (lb/hr.ft2), DTsub is local and
saturated temperature difference in �F. Fig. 17 illustrates the actual
heat flux, critical heat flux, and DNBR for water/silver nanofluid.

3.7. Heat removal from the core region

Nanofluid heat removal as a coolant in each zone is computed,
and zone contours are plotted in Fig. 18 for one-sixth of the core
during the first cycle. As can be concluded from these figure, during

Fig. 8. Coupling process flowchart.
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Fig. 14. Convergence of axial temperature distribution in zone 1 (Day 80).

Table 3
Mean squared errors of axial temperature distributions of all zones (Day 80).

ZONE Iterations
1 & 2

Iterations
2 & 3

Iterations
3 & 4

Iterations
4 & 5

MSE-zone 1 0.187531 0.004958 0.006746 0.002111
MSE-zone 2 0.015584 0.04424 0.035375 0.024446
MSE-zone 3 1.779673 0.173334 0.053567 0.049570

MSE, mean squared error.

Fig. 10. Radial power peaking factors (EOC).
EOC, end of cycle.

Fig. 11. Radial power peaking factors for water/boric acid case (EOC).
EOC, end of cycle.

0

50

100

150

200

250

0 10 20 30 40 50 60 70 80 90 100

Po
w

er
 (M

W
/m

)

Coordinate from bottom of core (%)

Iteration 1
Iteration 2
Iteration 3
Iteration 4
Iteration 5

Fig. 12. Convergence of axial distribution of volumetric power in zone 1 (Day 80).

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

1

0 10 20 30 40 50 60 70 80 90 100

N
or

m
al

iz
ed

 p
ow

er

Coordinate from bottom of core (%)

Zone 3

Zone 2

Zone 1

Fig. 13. Core axial normalized power distribution (Day 80).

285
290
295
300
305
310
315
320
325
330

T
 (°

C
)

0 0.5 1 1.5
Heigh

2 2.5
ht (m)

3 3.5

Zon

Zon

Zon

ne 1

ne 2

ne 3

Fig. 15. Core axial temperature distribution at the End of Cycle (EOC).
EOC, end of cycle.

–0.006

–0.005

–0.004

–0.003

–0.002

–0.001

0

L
n 

(K
)

Ln(K

6

5

4

3

2

1

0
314 315

K)= -0.0005T +
R² = 0.9983

316 317

+ 0.1507
3

7 318 31

T(°C)

19 320 321 322 323

Fig. 16. Temperature coefficient of reactivity for silver nanofluid (Day 80).

Table 4
Temperature coefficient of reactivity for water/silver nanofluid during the cycle.

Time (d) Moderator temperature
coefficient of reactivity
($/K)

80 �50E-5
220 �60E-5
357.3 �70E-5
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the cycle development, the higher heating zones move toward the
outer, peripheral regions. The core heat removals using water/boric
acid and water/Ag nanofluid are illustrated in Fig. 19. Water/boric
acid contours show the same behavior as those of water/Ag
nanofluid. As can be seen, the heating zonemoves toward the outer
peripheral regions. Heat removal is affected by the heat transfer
coefficient. In the case of nanofluid, the heat transfer coefficient is
much greater than that of water alone. Consequently, the heat is
removed more uniformly throughout the reactor core. It is worth
mentioning that, at the begin of cycle (BOC), higher enriched fuels
are located in central core region, producing higher PPF. As the
cycle progresses, the enrichment is reduced and the PPF becomes
uniform.

4. Conclusion

In this study, coupled neutronicethermal hydraulic analysis of a
VVER-1000 reactor core using water/Ag nanofluid as the base
coolant and moderator during the first operating cycle is per-
formed. MCNPMonte Carlo neutronic code and a thermal hydraulic
porous media model based on available CFD code (FLUENT) are
employed, and the core with three thermal hydraulic zones
including hot, average, and cold is investigated. The use of porous
media approach simplifies the difficulty of core modeling because
of the presence of 15 rows of grid spacers in a stream-wise direc-
tion. Coupled neutronic and thermal hydraulic analysis to deter-
mine FA power peaking factors, axial power and temperature
distributions, moderator temperature coefficient of reactivity,
MDNBR, and heat removal from core are accomplished for the first
operating cycle of the reactor using the water/silver nanofluid; the
following results in different aspects are achieved.

4.1. Neutronic aspect

The silver nanoparticle concentration has a maximum value of
1.3 Vol.% at the beginning and decreases to zero at the EOC. Analysis
of the radial power peaking factors indicates that, with increasing
burnup, the power level intensity develops from the core center to
the peripheral region (Fig. 10).

Axial power distribution shows a cosine function behavior (Fig.
12). Burnup calculations reveal that the reactor operating cycle is
extended by 63.5 days when water/boric acid is substituted with
water/silver nanofluid.

Fig. 18. Heat removal contour from one-sixth of core for water/Ag nanofluid (EOC).
EOC, end of cycle.

Fig. 19. Heat removal contour from one-sixth of core for water/boric acid case (EOC).
EOC, end of cycle.
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4.2. Thermal hydraulic aspect

Owing to the cosine axial power distribution, the axial tem-
perature distribution is nonlinear, and the outlet temperature of
the central FAs are greater than those of the outer FAs because of
the greater energy generation in the center of the core. The heat
removal from the reactor core is increased by 27.3% during full
power operation because of water/silver nanofluid, which leads to
higher core outlet temperature and more energy generation of the
plant, which directly depends on the heat removal from the core.

4.3. Safety aspect

The safety aspect of nanofluid use is an important subject. The
negative moderator temperature coefficient of reactivity charac-
teristic of light water reactors makes them inherently safe.
Comparing the reference data of temperature coefficient of reac-
tivity for water/boric acid �13E-5 $/K [1] with our water/silver
(Table 4) indicates that the reactor safety margin is significantly
enhanced. The silver nanoparticle concentration drops during the
cycle, and the moderator temperature coefficient of reactivity be-
comes more negative; the highest negative coefficient occurs at the
end of the cycle. Another important safety margin is MDNBR,
which, under steady-state operational conditions, must not be less
than 1.75. Using water/silver nanofluid increases the MDNBR to
2.16; therefore the reactor operation would be safer.

In summary, the analysis presented indicates that the use of the
water/silver nanofluid as base coolant and reactivity controller are
good methods that satisfy the following:

(a) Increasing the reactor operating cycle length.
(b) Improving the core heat removal and plant energy

generation.
(c) Enhancing the safety margins.

In this study, the focus was on heat generation, heat removal,
and neutronic and safety effects of using the nanofluid. Also, there
are some effects of using the nanofluid as a coolant, such as:
corrosion, increase of pumping power, etc., which could be
analyzed and discussed in future works.
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