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Abstract
The objective of this work is to study the effect of using nanofluids as coolant on divertor system of fusion reactors which is
known to be subjected to high heat loads coming from the plasma. Turbulent force convective heat transfer of water-based
Al,O5 nanofluid flowing through the CuCrZr cooling tube of a small scale of mock up made of five tungsten monoblocks has
been numerically investigated using single phase model. Computational fluid dynamic approach has been applied by using
CFD software FLUENT 6.3.26. The computed results have been validated by traditional corrections expression reported by
previous works. The dependence of temperature contours and profiles on volume fraction of nanofluids for different walls of
this monoblock has been studied and compared with pure water. The maximum allowed temperature of the candidate mate-
rial under unusual situation of a fusion reactor has been considered and compared with the maximum temperatures resulted
from the CFD results. The effects of various nanofluid concentrations and Reynolds numbers on average Nusselt number
have been also investigated. The results show a significant improvement in heat removal from the divertor under the cooling

of alumina/water nanofluid with respect to pure water.
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List of symbols

¢,  Specific heat capacity at constant pressure (J/kg K)
k  Thermal conductivity (W/m K)

q Heat flux, W/m?

h Heat transfer coefficient (W/m? K)
Nu  Nusselt number

T  Temperature (K)

Re Reynolds number ( % )

P Pressure (Pa)

V' Velocity (m/s)

T  Temperature (K)

D  Tube diameter (m)

Pr  Prandtl number ( % )

w  Wall

L Length of the tube (m)

< Abbas Ghasemizad

aghsemizad @ gmail.com; ghasemi@guilan.ac.ir

Physics Department, University of Guilan, P.O.
Box 41335-1914, Rasht, Iran

Nuclear Science and Technology Research Institute
(NSTRI), Nuclear Science Research School, A.E.O.1,
P.O. Box 14155-1339, Tehran, Iran

Greek letters

P Density (kg/m®)

€ Rate of dissipation per unit mass (m?/s>)
k  Turbulence kinetic energy (J)

¢ Dynamic viscosity (Pa.s)

¢  Volume fraction (vol.%)

Subscripts
np Nanoparticles
nf  Nanofluid

f  Fluid
W Wall
Introduction

Divertor (Fig. 1a) [1] is possibly the most critical compo-
nent in the future fusion reactors. As it is subjected to high
heat loads, up to 10 MW/M? in ITER and even more in
DEMO, it may act as an exhaust for the first wall, capable
of transferring the heat concentration out of the first wall.
Plasma-facing components (PFC) named the dome and tar-
gets, as shown in Fig. la, are the main parts of divertor,
which should sustain these extreme heat fluxes. Here, heat
transfer in target part is under discussion, so another view
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Fig. 1 Divertor and the different parts of it: a dome and target parts; b small scale of mock-up made of seven tungsten monoblocks and the cool-

ing tube

of the target is shown in Fig. 1a. Targets are made of some
monoblocks (Fig. 1b) [2] (in this figure seven monoblocks
can be seen) with two parts, and every part is made of spe-
cial material: armor materials (monoblocks), the part which
is in direct contact with plasma, and structural materials
(cooling tube) which acts as the heat sink [3-5].

Tungsten (W) has always been a promising material
considered for armor material. High melting point and
high thermal conductivity besides low erosion rate and low
tritium retention under plasma condition are among the key
advantages of tungsten. Because of the high thermal con-
ductivity, copper or its alloys like CuCrZr (copper—chro-
mium-zirconium) are likely the best candidate material for
heat sink. Due to the difference between thermal expansion
coefficient of W and CuCrZr, it is possible to have thermal
stress concentration on the W/CuCrZr interface leading to
failures, e.g., cracks on the boundary between them [4]. To
solve this problem, an interlayer between the CuCrZr cool-
ant pipe and the W monoblock is proposed with the aim of
reducing the thermal mismatch stress between the armor

Fig.2 One of the monoblocks
designed here

Cooling channe!
(10mm)
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and the structure. In this work, the pure copper (CuOFHC)
is proposed [6—8]. Figure 2 shows a fluid-cooled monoblock
designed based on the above explanation.

On the other hand, the heat management requirements
give a great importance to coolant specification in divertor
area of a fusion reactor. Water has always been a promising
coolant, and there are lots of literature focusing on water and
its characteristic [6, 8—10], but there are some disadvantages
for water such as high pumping power and limited power
handling caused by critical heat flux (CHF) [11].

Fortunately, these problems can be removed by the use of
nanofluids. Using nanofluids leads to a great enhancement
in CHF [12] and decreases the pumping power requirement.
A nanofluid is a suspension of low concentration (below
10% vol.) of nanoparticles like aluminums oxide (Al,O5),
titanium oxide (TiO,) and copper oxide (CuO) and a base
fluid (such as water or ethylene glycol) [13]. Using nano-
fluid to improve thermal properties of cooling fluid is dated
back to 1990s by Choi [14, 15]. He reported a noticeable
improvement in thermal properties and coined the nanofluid

Heat Flux (10MW/m2)

CuOFHC
(1mm thickness)

CuCrZr
(1mm thickness)
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term. Since then, many researches have showed the favorable
results of adding nanoparticles to base fluids both numeri-
cally and experimentally [16]. The proven advantage of
using nanofluid is better heat characteristics like higher heat
transfer coefficients even in low volume fractions of nano-
particles. Regarding these suitable properties of nanofluid,
using nanofluid in high heat flux systems such as solar col-
lectors, electronic cooling systems and nuclear reactors to
reduce temperature and making a more uniform temperature
distribution seem attractive.

Some researchers have used nanofluid in nuclear systems
for study. Wu and Zhao [13] in reviewing nanofluid heat
transfer and critical heat flux enhancement especially in
nuclear reactor have claimed that to turn nanofluid applica-
tion from vision to reality, we need to first overcome some
challenges, like a precise database of nanofluid thermo-
physical properties and nanofluid stability in real working
condition. Zarifi et al. performed a neutronic simulation
of different nanofluids in VVER-1000 reactor [13]. Their
research aimed at optimization of type and characteristics.
They also studied thermal-hydraulic modeling of nanofluid
in this reactor, showing remarkable differences between
nanofluid and pure water by increasing the concentration
of nanoparticles [17]. Few researches have been done on
using nanofluids in fusion-based systems. Barret et al. [11]
experimentally investigated using nanofluid in fusion-rele-
vant geometries with focus on studying nanofluid behavior
in such environment. They showed an initial assessment of
suitability of nanofluids as coolant in a fusion reactor.

In this study, a numerical investigation of the turbulent
forced convection flow of aluminum oxide (Al,O5) nanofluid
in the cooling tube of a monoblock of a divertor has been
under consideration. The CFD analysis has been done by
FLUENT software based on finite volume method.

Mathematical formulation and numerical
procedure

Geometry and material

The geometry of the divertor W monoblock considered
here is shown in Fig. 2. Itis a 22X 26 X 11 mm rectangular
tungsten which is subjected to a heat flux load of 10 MW/
m? from the top surface in contact with plasma. Cooling
tube is made of CuCrZr with the diameter of 10 mm. The
inlet coolant has the pressure of 4.2 MPa and the tem-
perature of 120 °C, and the velocity between 8 and 15 m/s
associated with different mass flow rates (Reynolds num-
ber, Re). The 1 mm CuOFHC, as an interlayer, bonds the
cooling tube to W monoblock.

To have a more real condition like what has been con-
sidered in experimental studies, five monoblocks like the
one described above with a 0.5-mm-thin gap between
them and a 100 mm cooling tube have been used. The
geometry and componential mesh (Fig. 3) was generated
in GAMBIT, a preprocessing module for the FLUENT.
First, edges, surfaces and volumes have been produced,
respectively, and then by applying some logic operations
(like partitions, an individual entity into two separate vir-
tual (subset) entities) and meshing by block cells, the final
geometry has been constructed.

A grid independence procedure was implemented over
grids with different cell numbers for optimizing the mesh
size. To obtain grid independence solution, the cell num-
bers were adjusted around 289,012 to 601,033 cells. Four
sets of grid systems were used in a calculation for a grid
independence test at different Reynolds numbers for nano-
fluid with volume fraction of 2%, to confirm the accuracy

Fig. 3 Final geometry created in GAMBIT and imported in FLUENT
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Fig.4 Grid independence test

Table 1 Thermo-physical properties of nanoparticles and base fluid
[18,19]

Property u C (J/kg K) P (kg/m3) k (W/m k)

(kg/m s)

Water 4182 998 0.6 0.001003
Al O, 880 3900 42.3

of the numerical solutions. Grid independence solution
is evaluated by comparing the heat transfer results of dif-
ferent grid levels as shown in Fig. 4. Therefore, grid sys-
tem with 480,036 elements was adopted in the subsequent
simulations due to a good compromise of computational
time and solution precision. For the near wall region, the
thermal and velocity layers have high effect on the heat
transfer coefficient and Nusselt number. Thus, the mesh
with high density is applied in this region. A hexahedral
mesh with grid adoption for y4+=1.92 at adjacent wall
region is used to resolve the sub-layer with a refined mesh
density in the regions near the wall boundaries.

Physical properties of nanofluid

Table 1 shows the properties of water as the base fluid and
the Al,O; nanoparticles. To calculate physical properties of
Al,O5/water nanofluid with volume fraction () of 1-4%, we
use formulas which are available in the literature as follows:

With regard to the concept of Mixing theory, the density
of a nanofluid (p,) be calculated as [20]

Poe = (1 = @)ps + @py, (1)
where p is density and the subscripts f, nf and np are
related to fluid, nanofluid and nanoparticles, respectively.

And according to the thermal equilibrium model, the spe-
cific heat capacity of the nanofluid (cp.nf) can be written as

@ Springer

tion has been used here as follows [25]

kap + 2k + 200 (ko — k)

e = K
Tk, + 20 (ky — k) )

For viscosity, Brinkman model which is a good prediction
of viscosity for alumina nanofluids ( ynf) in low concentration
of nanoparticles has been taken [26]

uo = He 4
nf = T 55
R €]
Local convective heat transfer coefficient (4(z)) and Nusselt
number (Nu) are defined as follows [27]

q

oo ©

Nu(z) = —— (6)

where g, D and T, are heat flux, tube diameter and wall
temperature, respectively.

Governing equations

Single-phase approach has been chosen here to numerically
simulate forced convective heat transfer behavior of alumina
nanofluids inside a heated tube under steady heat flux coming
from a divertor of fusion reactor. Equations (1), (2), (3) and
(4) are used to define the nanofluid properties in UDF codes
imported in FLUENT software.

The popular singe-phase model assumes that nanoparticles
have been uniformly distributed in the base fluid and these two
parts of nanofluids are in thermal equilibrium and move with
the same velocity. Also, as it can be seen from the relations of
physical properties of nanofluids, they are based on the mix-
ture of nanoparticles and base fluids [28-30]

The general forms of governing equation for steady-state
flow and heat transfer of nanofluids are as follows

Conservation of mass:

V- (puV) =0 )

where V is velocity
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Conservation of momentum:
V (paVV) = =VP + p, V?V 8)

where P is pressure.
Conservation of energy:

V. ((pcp)anT> =V (kyVT) ©)

To simulate turbulence, we use standard x—e (k—epsilon)
turbulent model because of its reasonable accuracy and fast
convergence [31, 32]. This model introduces two external
equations for turbulence kinetic energy (x) and rate of dis-
sipation (e) as follows [33]

= (s 52))
p(V-Vk=V. u+— |Vk | + G, —pe (10)

K

2
pV-Ve=V. <<y + ﬂ)w) +C, 56, - CpE
[0} K K

(2
an
In these equations, G, represents the generation of tur-
bulence kinetic energy due to the mean velocity gradients:

G, = ur(VV+ (VW)

C,, and C,, are constants. ¢, and o, are the turbulent Prandtl
numbers for turbulent kinetic energy and the rate of dissipa-
tion, respectively, and pis the eddy viscosity which couples
x and € to governing equations and is modeled as

2

K
=oc. <
luT p'ug

Other constant values in Eqgs. (10) and (11) are as follows
[34]

C,i = 1.44
CEZ = 1.92

C, =0.09

o.=1

o, =13

Boundary conditions

The problem is investigating a three-dimensional, steady-
state, forced turbulent convection of alumina nanofluid with
different volume fractions (1-4%) inside a circular tube
with length of 100 mm and diameter of 10 mm and also
comparing the result with pure water. This tube is a part of
monoblocks of a divertor acting as heat sink for removing
high heat loads from the plasma which in direct contact with
monoblock surface.

Impermeable boundary and no-slip wall conditions are
implemented over the surfaces of walls. The top surface
(tungsten) is subjected to high heat flux of 10 MW/m?. In

fact, a constant heat flux is considered for the top wall in
order to absorb the heat. The fluid (pure water with ¢ =0
or nanofluid with ¢p=1-4%) flowing inside the tube enters
with a uniform temperature (7,.,) and also an axial uniform
velocity profile (V.. of different values associated with
a range of Reynolds numbers, here varied from 80,000 to
150,000. The uniform velocity profile is a common way of
considering the inlet flow condition in order to determine
the Reynolds number according to its formula. The pressure
outlet has been chosen for the tube outlet boundary condi-
tion, while the velocity gradients are fixed to zero value.
This pressure has been set at 4.2 MPa.
According to these conditions:

Vx = O.Vy = O'VZ = Vinlet
T, = 393.15 K.
P = 4.2 MPa

nlet

outlet

At the fluid wall interface, there is a constant heat flux as:

oT

q = —ky—
ay wall

n

The wall (here means the inner surface of the CuCrZr
tube) is in the stationary state and no slip for motion and
shear stress, respectively.

Numerical method
Physical model

The assumption mentioned in previous parts can be sum-
marized as follows:

e The fluid is incompressible, non-Newtonian and turbu-
lent in steady state.

e The fluid along the cooling channel remains in single
phase.

e There is a thermal equilibrium between nanoparticles and
base fluids and the relative velocity is equal to zero.

e Thermo-physical properties of fluids are constant.

CFD simulation

The governing equations (flow, turbulence and energy)
with mentioned boundary conditions have been numeri-
cally solved using the finite volume method (FVM). It was
done by using computational fluid dynamic (CFD) approach.
CFD is a technique with the aim of studying fluid flow, heat
transfer and other related phenomena based on computer
simulations.

In this work, the CFD commercially available software
FLUENT 6.3.26 has been used by the following reasonable
steps: prepress stage in which the geometry for the CFD
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region has been constructed and the componential created
in GAMBIT as it is shown in Fig. 3. The mesh file has been
then exported to FLUENT. Then the physical model, bound-
ary condition and other assumptions required for an accurate
analysis (next paragraph) have been defined in FLUENT. It
has been followed by solving stage. The favorable results
like Nusselt number needed for investigation have been
defined in the post-processing stage.

The main assumption considered in FLUENT is as fol-
lows. Pressure-based model has been used as solver, and
semi-implicit method for pressure-linked equations (SIM-
PLE) model has been chosen for pressure—velocity coupling.
k—e model with standard wall functions and default setting
has been used to simulate turbulence. To discretize equa-
tions, second-order upwind method has been selected. Dur-
ing the iteration process, the residuals for each variable have
been monitored until the convergence criteria, restricted to
be lower than 10~>, has been assured.

Result and discussion

As the result has been proposed based on average amounts of
Nusselt number (Nuav) and average heat transfer coefficient
(hav), the equations to calculate them are defined as follows

D
Nuy, =, 2 (12)
k
L
h, = % / h(z)dz (13)

0

where L is length of the tube.
Hereinafter, the terms Nusselt and heat transfer coeffi-
cient refer to average amount, unless otherwise mentioned.

Validation

In order to investigate the validity of the numerical simula-
tion done here, a comparison between the Nusselt numbers
obtained in post-processing stage of calculation and two of
the traditional equations which have been widely used in the
literature for prediction of Nusselt numbers has been made.
The first equation is recommended by Maiga et al. [35]

Nu = 0.0858Re*7! Pr0%
for

6.6 < Pr<13.9;10* < Re < 5 x 10° (14)

CpH

where Pr is Prandtl number <T )
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Fig. 5 Comparison of Nusselt number; results from Maiga and Gniel-
inski correlations with the present work (1% alumina nanofluid)

Gnielinski [36] suggested another relation as follows:

Nu = 0.012(Re*¥” — 280) Pr04

for

1.5 < Pr < 500; 3000 < Re < 10° (15)

Figure 5 displays the comparison of Nusselt numbers
from theoretical correlations proposed by Maiga and Gniel-
inski with the numerical results computed here by FLUENT.
These results are for the case of a 1% volume fraction Al,O,
with Prandtl number of 6.71.

It is clear from this figure that numerical results obtained
here are in good agreement with these two theoretical results,
especially for larger Reynolds numbers, so that at the Reyn-
olds number of 150 x 10, the deviation of the numerical
results from the equation given by Gnielinski and Maiga is
0.07% and 3.5%, respectively. At lower Re numbers, Maiga
correlation has better prediction of the numerical results
with average deviation of 11%. These results agree well with
the literature published by Lotfi [37] and Namburu [29].

Temperature distribution

After the validation done by comparison in the previous sec-
tion and confirming that the componential model presented
here is giving correct results with acceptable deviation, tem-
perature distribution has been considered.

Temperature contours of CuCrZr cooling tube for base
fluid and nanofluid with volume fraction of 1%, both at the
same Reynolds number of 120000, are shown in Fig. 6.
Moreover, Fig. 7 also illustrates the temperature contour
for the whole divertor. It can be seen that the inclusion of
nanoparticle into the base fluid has a bifacial effect on tem-
perature of cooling tube.

CuCrZr wall tube and tungsten maximum static tempera-
ture dependence on Reynolds number and nanoparticle con-
centration is illustrated in Figs. 8 and 9. These figures show
that increasing both the Reynolds number and volume fraction
of nanoparticles decreases the wall temperature. In a constant
Reynolds (i.e., 120,800), adding nanoparticles to 1% and 4%
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Fig.6 Temperature contours at
CuCrZr cooling tube for base
fluid and nanofluid
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Fig. 7 Temperature contours for the whole divertor for base fluid and nanofluid

volume fraction will decrease the CuCrZr tube temperature 4 K
and 16 K, respectively, with respect to base fluid. This decrease
is 4 K and 15 K for tungsten. Also, from the volume Reynolds
number viewpoint, increasing the Re numbers from 80,500 to
151,000 (at a constant volume fraction) leads to the decrease in
the maximum temperature of the CuCrZr tube from 792 to 676
Kelvin (pure water), 787 to 668 (1% nanofluid) and 776 to 666
(4% nanofluid). These reductions are 102 K, 101 K and 97 K,
respectively, for that of tungsten surface.

Temperature limitation on W and CuCrZr

One of the important issues in choosing appropriate material
to be used in divertor part is the existence of some limita-
tion especially for maximum temperature of these materials
above which some failures might happen. According to high
heat load test on W, above 1573 K recrystallization occurs
and affects W thermo-mechanical properties [38]. On the
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Fig. 10 Average Nusselt number for base fluid and nanofluids

other hand, the maximum temperature for CuCrZr must be
lower than 823 K, the upper temperature limit below which
CuCrZr has its optimum thermo-mechanical behavior.

As Figs. 8 and 9 show, in all Reynolds number and vol-
ume fractions of nanoparticles, the maximum temperatures
for these two materials are in agreement with these limita-
tions. Among all cases considered in these two figures, the
maximum temperatures for W and CuCrZr have been seen at
the lowest Reynolds number and volume fraction: 1323 °C
and 792 °C, respectively.
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Average Nusselt number

Average Nusselt number for alumina nanofluids with vol-
ume fraction of 1-4% for considered Reynolds numbers is
shown in Fig. 10. The results for pure water have also been
included as solid line. It can be seen that by adding nano-
particles to pure water, even in the low volume fraction
of 1%, improvement in heat transfer has been achieved.
Moreover, heat transfer increases at both particle volume
concentration and Re numbers increasing, so that we have
maximum Nusselt number at highest volume fraction and
Re. The reason is that by increasing the volume fraction
of nanoparticles, thermo-physical properties of fluid are
improved, including higher thermal conductivity and
Prandtl number, with respect to pure water. On the other
hand, the difference between the temperatures of CuCrZr
wall and fluid is decreased in comparison with pure water,
leading to an increase in heat transfer coefficient as Nus-
selt number.

Experimental studies [39, 40] have shown that incre-
ments in heat transfer coefficients by inclusion of nanopar-
ticles inside the base fluid are higher than what expected
by numerical results, which means that improving the
thermo-physical properties is not the only phenomenon
attributing to heat transfer improvement.

Conclusion

Numerical solution has been obtained to investigate heat
transfer characteristics of alumina/water nanofluid flowing
throw the horizontal cooling tube of a monoblock which
is part of the important divertor system of fusion reac-
tors. Steady-state turbulent convective heat transfer of
this nanofluid under the high heat load of 10 MW/m? was
presented by CFD approach using FLUENT. The validity
of CFD results was investigated by comparison with tra-
ditional expressions given by Maiga and Gnielinski and
resulted in good agreement.

Temperature profiles for CuCrZr and tungsten sections
of monoblock for the both cases of 1% Al,O; nanofluid
and pure water revealed that adding even low concentra-
tion of nanoparticles can noticeably reduce temperature of
these parts due to improvement in heat removal capacity.
Also, maximum temperature profiles at W and CuCrZr
for 1% and 4% volume fraction and base fluid illustrated
that nanofluid can noticeably reduce maximum tempera-
tures. It was concluded that using nanofluid can help the
material to operate in their allowed temperature limitation.
Moreover, average heat transfer study of nanofluids with
different volume fractions (1-4%) showed enhancement
in heat transfer with respect to pure water. The higher the
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concentration, the more the heat transfer improvement.
Enhancement of heat transfer by increasing Reynolds num-
bers was also concluded from this study.
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